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PREFACE TO THE FIRST EDITION 

The introduction rf the Three-Year Degree Cow se. amd the 
consequent revision of syllabus in Physics for the Degf ee classes 
has pfoduced a need for a book on Properties of Matter 
and Hydrostatics which will satisfy the new requirements of 
students. We have made an attempt to give a cleat -and 
concise treatment of the subjects dealt with. We have also 
included a chapter on Hydrostatics which was hitherto being 
done along with Mechanics, A chapter on Introductory 
Calculus is also appended at the end for the benefit of students 
who pin the First yea? of the Degree class without any know- 
ledge of the same. We trust that the book will be of substantial 
help and guidance to the students of the Degree classes. 

We take this opportunity to thank Sri P. V. S. Mukte- 
swaram, M. se., Lecturer in Physics of our college for his 
sustained help in bringing out the book, We also thank Sri 
N. Ch. Pattabhitamacharyulu, M. A., Lecturer in Mathematics 
of out college who has gone through the chapter n Calculus 
and made valuable suggestions. 

Suggestions fot improvement will be received with thanks. 

Authors 



TO THE FIFTH EDITION 

We owe giatefiil thanks to <n frleads who offered 

suggestions, 

iM^tfMis for the improvement of the book will be gf ate- 

^sOiCp 

and acknowledged with thanbi. 
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CHAPTER I 

A. UNITS AND DIMENSIONS 

1. For an exact description of any physical quantity, 
shall have to specify (I) a standard or a unit of the same Mud in 

terms of which the quantity can be estimated and (2) the number 
of limes the quantity contains the unit. This numerical relation 
of the quantity to the unit is called the measure of the quantity 
In terms of the unit* 

For instance, the length of a rod may be stated as 12 feet. 
Now foot is the unit of measurement and 12 is the measure of 
the quantity which is length* The same length may also be expressed 
as 4 yards or 144 inches. The measure of a quantity, therefore* 
depends upon the unit adopted., being smaller for a large* unit and 
larger for a smaller unit. In other words, the measure vanes inversely 
as th standard or the unit adopted* 

2* Fundamental ad derived units 

Throughout the whole range of Physics, we come across a 
number of physical quantities^ each one having a unit of Its own. 
These units may be chosen quite arbitrarily, having no relation 
between one another. But it will be convenient to adopt a set of 
units which are in some way related to a few fundamental units. 
The units of mass, length and time are 3 by convention, chosen as 
the fundamental units all other units adopted foi measurement 
in Physics, especially in Mechanics, are derived from these funda- 
mental units. 

Thus., we may define uolt area as the area of a square having 
a side of unit length; unit velocity as that of a body which covers 
a distance equal to unit length In unit time; unit acceleration as 
that of a body which undergoes a change of unit velocity IE unit 
time ; and unit force as that which acting on a body of unit mass 
produces unit acceleration in its own direction, 
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of am, dodty etc., are called derived units. 
lf f now, tibe fmt k chosen as the unit of length, the unit of 



a jgMiy J&ft But If the yati Is taken as the unit of 

the of aiea a squaw jard, which Is nine times 

m bige ai a aqnve foot Thus, the value of a derived unit depends 

upon the of fte. fedamental unit OF units from which it is 



, -of 

Two of units are in general use: The Metric (or Q. G. S.) 

and the British ( or F. 'P. S. J system, 

On the Metric (of (X G. S.) system of measurement, the units 
of length, masf and time are the cmtimtn, gramme, and second 

respectively. 

On the British (oi.-F. p. S.) system, the foot, pound and second 
are the itandaids of length, mass and time respectively . 

Hie otfmr unife of meainremeni can be derived fiom these 
nuidftiiienial 



For all scientific work, the G. G. S. system of units is preferred. 
It h well-known that, in our country, we are trying to introduce this 
ifrtera Sox all purposes of measurement. 

4. Derived quantities and dimensions 

Quantities like area, volume, density etc., are called derived 
qwntiti*., for they can be derived from the three fundamental 
quantities : length, mass and time. For example, the area of a 
rectangle of length 10 cm., and breadth 5 cm., is 10 cm * 5 cm 
*50 cm.* or. 50 sq. cm. The volume of a rectangular block of 
kogi 10 cm., breadth 5 ca. and height 4 cm. is 10 cm. *5 cm 
m,-200 cm.' or 200 cubic centimetres. It is teen that 
fc.rf length occurs to the second power in measurement of 

i&ffiii and tf& tHi* tKit^ m,f\*M*s*m * -*. 

MWM*%pw i *' "QpKtt*i%Ai finur mUtPul' W&AAA iJI aiJCj Ww^W a si ffjffr 4Hfc-*li Q 1 1 im*oi. WLM. ^m**.^ /* * 

^ ww measurement of volume. If the 

y^fv - ^ by > the ^ rf arca * LS - d ^ 

^H^K Sr ^p^JK^NWflHBiiH^Hp' WHIP Jwrfl i 



, u' ? C <BmeiUd0nS f MCa arc then *>' t b [L] 
kngth and of volume, L*] OB three in length. 
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It maf be noted that the dimensions of a physical quantity 
Illustrate the nature of the quantity as apart from its ' magnitude* 
The nature of an atea is different from that of a length. Bui, 
we also know that an area Is obtained bf multiplying one length 
with another length. Thus, if we say that a length Is of one dimen- 
sion in length and denote it by [L] 5 an area is of two dimensions 
in length and it may be denoted bf [L 2 ]. Similarly, any volume 
is of three dimensions in length and it Is denoted by .[L 8 ]. The 
difference in the nature of the physical quantities is Indicated by 
the difference in their respective dimensions. 

Now, velocity is obtained by dividing length by time ; it fa s In 
dimensional notation, [L/T] or [LT" 1 ] and it is called the dimen- 
sional formula for velocity. Thus the dimensions of velocity are 1 in 

length and 1 in time, The dimensions of some of the physical 
quantities are given below : 

Physical Dimentional Dimensims fe 

Quantities formula* Length Mass Tkne 

Length [L] I 

Area [L 2 ] 2 - 

Volume [L*] 3 - 

Velocity [L/T] 



Acceleration [L/T 2 ] 

(Velocity/Time) or [LT" 2 ] . -1 - -2 

Force [M* L/T 2 ] 

(Mass x Acceleration) Q* [M. LT-^] 1 1 -2 

Ifomentum or Impulse [M. L/T] 

(Mass x Velocity) or [MLT"l] 1 1- ^1 

Energy or work [ML*/T 2 ] 

(Force x Displac^nent) O r [ML 2 T" 2 ] 2 1 -2 



(Work [Time) or [ML 2 T-~ 8 ] 2 I 

u 

It may be seen, in this connection, that the dimensions of kinetic 
energy which is equal to [|Xiaa8X(veJoc!tf} s ]J can bo Deduced 
follows; 
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. Dfacnsloiii of a numerical constant, | .... aero 

oflBESS .,,. . .... [M] 

of (vdochp)* .... |~ 

combining these, expressions, 'we have for kinetic energy 
ike dtaeubns [ML*/T*3 or [ML a T-*]. These are the same as 

few work, a result which ii to be expected from the fact that they 
ate mutually convertible. 

5 Di2iiiisi03ial equation 

When we have an equation expressing a relation between certain 
physical quantities* the dimensions of the physical quantities on the 
two sides of the equation must agree* When the- physical quantities 
en each side of tie equation are expressed In their dimensions, the 

MnHteg equation is called the Dimensional Equation* 



Dimmtlmal tqagtms my. be used for chicking formulae, by 

taiing into account the dimensions of the quantities on either side 

of tlie equation- . . > . ' ' 

R instance, we have .the equation for the period of oscillation 

of rimpte pendulem, T 2<st A/JL-- ^ 

V f 

Conridoing Ae left hand side of the equation, the dimensions 

m* [TJ* , ..... .. ,,. 



t%|it hand side, the 'dimensions of 2^r are 'zero antf 
are [t^/ P^T"^ = [TJ. , -, 



Hence the dimensional equation becomes [T][T] J a result 

which is In agreement with the relation deduced* 

(I) Dhmsim&l equations my eho te wel fof convening a quantity 
f rm sm y$im ef mite to motinr ysttm of wits. The measure of any 

physical 



, w w ~ ~ "> ~^" "~" ^ "^"^ w ^ '^* ^fimm mm ^jipoji W AMiWPM \f ffrfPHl 

to ^pfe^ the quantity) is Inversely proportional to the 
of die unit adopted for measurement Thus a rod Is 12 
4 0*. 144 unis iwrdkg at the ynit is the foo| or the 
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Suppose that any physical quantity of dimensions, a In length, b 
in mass and c in time has a measure n when measuied In a system 
having L, M and T as the units of measurement. The quantity will 
then have a value n X [L ff M. b TL C ]. Let the units of measurement be 
now changed to L If M x and T x . The dimensions of the quantity 
are not altered and there will be a change only in the measure of the 
quantity. Let the measure in the new system be x . 

Then n X [L*MT C ] - 1 X [L/M^T^J OF the measure in 
the new system x = ia X [L a M* T c ] / [L x fl M x * Tj* ]. 



Let us, as an example, convert an acceleration of 32 feet per 
second per second (the acceleration of a freely falling -body) into 
centimetres per minute per minute. 

Thenn 1 -32X[LT-2] / [L^-*] -32 [L/LJ [T 
But L= i foot *? 12X2*54 cm. 30.48 cm, - S0.48L,.. 

^ 30.48. 
= 1 minuks - 60 seconds 60 T 



[30.48] [60pS5.12xlO*; 

Dimensional eqwtion$ ma?* in torn casts, te med for defioing 
formula* as can be seen from the following problem : 

Pr&bhm : Show that when a body is drvpptd to th* grwmd, the relation 
for the height S-cmnd in a time t will be of the form S^kgt^ where k is a 
numerical constant and g 9 the acceleration due to gravity. 

The distance covered depends upon the acceleration due to 
gtairity to which the falling body is subject and the time. 

We may, therefore) write the relation as 



' ..... . ' '< - .; - ; , : . 

The values of x aad j may be obtained fipom the 
dimensional euations, 



.... 



The dimensions of S 

' '-jar ' . > -": /.*> . ' ** .' ZCSTO 



ETJ 



AND IflUUBBIUinB GMAF. 



We get the 

[L] - [T? 



the of [L] on-' the two sides, 

x 1 : ...: ..: 



tlie of T on the two sides 

-2 + j or jr - 2# - 2( ' v * - 1) 

* S =s 



But fie dimensional method of establishing relations between 
physical quantities is not without its limitations. It will not give us 
tie numerical relation the quantities Involved, This Is seen 

in the example above* We know that S=*f gt 3 but we do not 
get the numeric f in this method of treatment, 

Farther, thfa ' falls" when tier e ate ' more than three 

quantities on any side of tie equation since we can have only 

three equations formed corresponding to the dimensions "of iht three 

fundamental qaantitiesLaigth, l^toi and ; Time ' i 

;' n/# 

j ' ; * * 



The choice of a. fimdameatal unit is extremely Important and It 

requifeiiieafe TTte nmf should easily be reprodu- 

atmlmemd shmldbe 'constant. ' : ' '' - '"*. 



rf le^|tk ; On the tt G. S. s^em, the unit of length Is 
the It' fa equal to orie-himdredth part of the length 

between two marks on a certain platlmim-Irfdium bar kept "at 
<FC In A* AnMva in Paris. The length ,between the - piarki, 
boopmec a mette , (Nowadays, the unit is defiaed, In 

Hght In vacuum under normal 



On. the F. P. S, system, the standard of length Is the foot. 
It if one-third of the standard yard, which Is defined as the 
distance between two marks on a certain bronze bar, at a temperature 
-""" which is preserved by the British Board of Trade. 



eff mass . On the C. G. S. system, the grammt Is 
the unit of mass. Sometime back, it waa denned as the mass of 
cubic centimetre of water at .4C. But Jt is now defined *s 

'*"*"" rwi W^r 
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onevthousafidth .part of the ^mass of a certain lump of plathram- 

iifidium, kept in the French Archives in Paris. 



'"" On the F P. S. system, the unit is a ^orou/ which Is the mass 

of a lump- of platinum kept by the British of Trad. 

ICJuit of time : The second is the of .time in ' both th 

systems of units. It is dened as (a^XgQXggl (1/86,400 ) of 

the sterns tfof&r day* 



The interval between the. noon on one day and the noon on 
the next day is called the solar day. But the solar day Is not of 
constant duration as it varies continuously from to day in the 
year. The average of. the .solar days taken over a year is called 
the mean solar day. The second, the unit of. time, is 1/86,400 of 
the mean solar day. 

B. MEASUREMENTS 
7. Measurement of JLengtii s - . 

A scale divided into centimetres and millimetres ( or one 
divided into inches and fractions of an inc?h ) is generally used to 
measure lengths. The lengths measured with a millimetre scale will 
|>e accurate to a millimetre. Similarly, measurements made with 
a foot rule, divided into inches and tenths of an inch, will be 
torrect to the -tenth of an inch. Special instruments are therefor 
needed for making measurements of higher accuracy* Two such 
Instruments., the vernier calipers (wtilch is based on the principle 
of th vernier ) and the screw gauge (which is based oa the principle 
of the screw) art described In our ** Physics for Pie-University 
Students" which xnay be referred to. 

8. 

\' 'y, - ' ' 

The SpktrmeUr 1$ another instrumnt for mwrate measurement of 
length, which aho works m the principle of the screw* It is used for 
measuring thicknesses of small objects and for determining the radius 
of curvature of a spherical surface* 
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The spherometef consists of a rigid 
metal frame resting on three legs ending 
In sharp points A, B, G. A sciew, a l*o 
ending in a sharp point D, works through 
a nut at the centre of the frame carrying 
the legs. The head of the set ew carries a 
G circular disc, H. The edge of the disc is 
divided info a known number of equal 
parts f usually 100). The pitch scale P is 

'**' 

te the frame so that, it Is parallel to the axis of the screw and 

by the side of the disc. The 'pointed ends of the legs lie at 

the vortices of an equilateral triangle. and the pointed end of the 

coincides with the drcum-centre of that triangle, when lowered 

to be in the plane of the pointed ends of Ac legs. 

Least cnttt of Hie Spher meter s The screw of the sphere. 
mete! is turned through a known number of f evolutions (say 10) and 
the distance (s) by which the circular disc advances along the pitch 
cate is noted* The pitch of the screw, p (ie., the distance through 
which It advances for a complete turn = ^/ 10) is then calculated. 
The pitch of the screw of spherometers commonly used in the 
laboratories Is 0-5 mm. 

The least count (I) of the instrument is then calculated by 
dividing the pitch of the screw (p} by the number of divisions (it) 
on the circular disc. The number of divisions on the circular 
disc is usually 100 so that the least count of a sphero meter In common 
me fa 0-005 mm. '" , , . ' , . '-.- 

ft. To determine the thickness of an object : The spero. 

m placed on a jdane glass plate, G. The screw Is first raised 

and the object, O, is introduced under the screw. The 

is next lowered until it jn touches the object as indicated 

bf the fofaiion test . . .. ./' . ' : '" 

A gwitfc top h given laterally to one of the legs of the sphero- 

mefeor (mm time to time as the screw b lowered. At a certain 

'the SftetHnetet begins to rotate about the scfew. This happens 

ite pdat of the screw touches the plate. The position in which 

Hf jmf %&/ to ntate &m& th& s&nw as it is lowtrtd is 

tckm m (Rotation Test) the uqumd position, 



t. tJNTT ANB MBAStJRSMMIflf S 

The division ( $ x ) on the circular disc which coincides with the 
edge of the pitch scale is noted. The spherometer is then bodily 
raised, the object removed from the glass plate and the spherometer 
once again placed back on the glass plate. The screw is next lowered 
down gently until the screw just touches the plate as indicated by the 
same rotation test as described above a counting the number of 
complete f evolutions, ( m ) given to it. The division (,s s ) on the 
circular disc against the pitch scale noted* 

The thickness of th$ object is obviously equal to the distance 
through which the screw has been lowered. It is therefore equal to 



where p is the pitch of the screw and , the least count. 

10, To determine the radius of curvature of a convex 
surface, say of a watch glass : The watch glass is placed on a 
plane sheet of glass, with the convex surface upwards: The sphero 
meter is placed over the surface so that its three legs rest on the sur- 
face and It fa adjusted so that the pointed end of the screw just 
touches the spherical surface. The reading $ x on the circular scak 
is taken. The instrument is bodily raised, the watch glass removed 
and the spherometer once again placed on the glass plate. The screw 
is now lowered until its point just touches the plane glass plate. The 
number of revolutions, m* made by the screw and the final reading 
* a on the disc are noted as before. Then the height, A, of the 
spherical surface is equal* to [m, p + (s^'^s 1 ) ]. 

The spherometer is next pressed on a plane sheet of paper and 
the distance between the legs (i.e., Impressions ) are measured. If / 
be the mean of these three values ( which will be nearly equal), the 
radius of curvature of the spherical surface R is given bf the relation, 

A ' ' '" ' ''" 

+ -ST as shown below, r 



A, B, G (Fig. 2 ) represent the three pointed ends erf the legs 
which form the vertices of an equilateral triangle. Let D be the 
circum-centre of the triangle ABC, where the pointed end of the fcrcw 
meets the plane of the triangle when lowered 

Now that die mangle is equilateral^ 

' 






CHAF f 



In At 

..JUE-AB KB 60* -t 



But AD- 
Hence AD 



AE. 



** 



i 




Mrk 



2 Fig. 3 

Let f%. 3 represent central section of the spheie ( of which the 
farface is a part ) containing the point. A, of one of the legs and the 
point of the new, D f - The axis of the screw passes through D ( the 
drama-centre of the triangle formed by the feet of the legs ) and O 

{fte centre of the sphere) and cuts the sphere again at F. Now 

= h aid 



from tbe properties of circles we have, 

V ^i (2R 






R 



' 

ft it calculated shaking use of this relation, " 

II, Rmdins of curmtiire f a soaeave spherical surface : 
In the case of a concave surface, readings of the spherometer arc 

placing It tint on title plane glass plate and then on the 



concave spherical surface. As before, if s^ be the first reading on the 
circular scale, m s the number of revolutions given to the screw and s% 
Ac isffll Kftdltt dn tie concave stiiface, the depth of the concave 



I 



=[,f + fijj JJL) ]. ObtMning A in this way and measur- 

of cw?^tu?e R of the spherical surface 



it 



be calculated from the relation, R 



j| 



This relation can.be derived in the same mannct as . 
case of a convex spherical surface. f 

Measurement / '' ' - 

12. The mass of a body Is the quantity of uaattef contained in 

If and It can be determined by comparing its weight with that ipf 

a set of known weights la a common balance. .. , . 

Cmmosa Balance 

: A common balance used In laboratoi its consists of a hollow rigid 
beam AB, provided with a fine knife-edge F at Its centre. Tfa beaifi 




Fig. 4 

terns freely about the kmfe-edge F which rests on two agate plates 
fixed at the top of a sliding rod which works through a hollow pillar 
fixed centrally on a wooden base board, A handle H in front of 
the base board help in raising or lowering the sliding rod and along 
with it, the beam supported on it. Scale pans, $ 9 s, aie suspended bf 
means of stirrups, &, k, from knife-edges fixed $t the two ends of the 
beam. When the beam Is In the lowered position, It will not swing 
and It Is said to be arrested. When the beam Is arrested, the central 
knife-edge Is off the agate plates and the stirrups, off the knife-edges 
at the ends. The knife-edges will not be thus supporting any 
weight when the beam is arrested. By arresting the beam when 



if 



AHB 
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sot iii use, tbe wear and tear of the knife-edges is 
reduced and tie lie of tbe balance prolonged. A long pointer P 
ixed at fee middle of Hie beam, moires over a short Ivory scale, 
S^ at tie 'bottom of the pillar. The pointer is regulated to move 

the mage of the scale by working the nuts n 9 n provided 

at file of the beam. 

He base board is levelled by working the levelling screws, L 9 L, 
wi wMcli it tests. Tfaef are worked so that the plummet p stands 

above the index, L 

The balance m usually enclosed in a glass case which is provid- 
ed with a sliding doer on the front side in order to protect it 

dxaoghn of air. 

13. of a gzvd balance: A good balance should 

fee (a) ifu% (fc) sensitive and ' (c) stable. 

(a) 13ra|b:.".4 Mm? is .sold t& be true if the beam is horizontal 
Ai * m {? or mhm thy are equally loaded. The conditions 

to be sailsied % a true baknce may be deduced as follows : 

1M m ;nfl i be the loagtlM of the arms of a balance and S and 
be tte i^h^ of die pans. Hie beam is supported on the central 

knife-edge so that it remains horizontal 
when the pans are removed. The centre 
of gravity of the bem then lies vertically 
Mow ike knife-edge F and the weight of 
the beam exeits no moment about the 
fulcrum, F, when the beam is horizontal. 
If the pans are suspended from the ends 
of Ac beam and the beam remains hori- 
taking moments about F, 





.'.' . Fig, 5 
zonta! again, we have, 



ie beam again r 

Taking moments about F again 



P and P be now placed in the two pans and 



Subtracting (!) from (2) we get, 

..P*P4 ot amb and from (I), 



UNITS AND MEASUREMENTS 



IB the case of a true balance thiefoie, ( I } 
length and ( 2} the pans au of equal weight* 



arms are of equal 



(b) Seositiveaaessg : A balance is said to be sensitive when the 
beam deflects appreciably from ifa horizontal position for any diffefence between 
the wiights m the pans> however small the differ erne may be. 

A common balance should be true in the first instance and It 

should satisfy the two conditions stated above- We may now invest!* 

gate the conditions to be satisfied bf it if It is to be also sensitive. 

Consider a vertical section taken through the centre of die 
beam AB of a balance and let the section cut the knife-edges In 
A f , FandB'* 

Let 1 be the length of the arms ; 
d s the depth of the centre of 

gravity of the beam below A .; 
the fulcrum F. K: 

1* the height of the knife-edges 
at A and B above F when 
the beam is at nest and 
horizontal, 

M, the mass of the beasn, 

W, the mass of the left pan and the load in It ; and 

( W -f m ) the mass of the right pan and the load in It. 

The excess weight *.* on the right side deflects the beam from 
its horizontal position. Let the beam be inclined at an angle a to 
horizontal. 
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Fig. 6 



When the beam remains in equilibrium under the action of 
the different forces acting on It , the algebraic sum of the moments 
of the foi ces about F should be jero. 

(DF) + Mg. GH -( W + ).B 'F. 



= / cos a h dn a 
B ^sln a 
B f F B'E + EF 

. k sin + I cos n. 



AN M&AStiftKlftin* CHAP. 

(I OW tf fa 8b 0} + - 



a is co a = I and sin n = a so that 

4- 



M! a and rearranging the terms, we have 



TAr 0/ Jfe a> 10 <4* difference, between the hods in ike 

MS my be mid J dtfhu the sensitiveness of the balance. It is 
obvious that It will be 'independent of the load in the pans if & = 
(le*, If the three knife-edges are in the same plane) acd increases 

with load if I Is positive and decreases with load if h Is negative. 

<* 

It Is now cleat from the expression lor the sensitiveness that 
In the sensitiveness can be secured by (1) increasing the length 
f ife (2) dmfmsmg Urn weight of the beam and (3) decreasing the 

of tin of gravity of the beam below the fidcrum. 

baiaaees emplof ed in laborataries a re highly sensitive 

and it be noted that it* bwm are purposely made hollow in order 

t the weight and thereby increase 'their sensitiveness* 

(c) : A bdmce is said to be stable if the beam return to its 

quickly whm sligMy disturbed. When a balance 
in eqoiHbriiixn is distinbed-,, it is the moment of the weight of the 

about the fulcrum, Mgd sin n, that tends to restore it to 
Stability wil therefore be secured In a ba 



(I) Af, Urn m*ti of the bem mi ft) d, ^ distance of the centre of 
*/ lii bem below the j^mm are made large. These two cofcdl- 

tiont ftr stability Me opposed to the <aiitiom for securing sensitive- 

Tfe* to wWch a baknce Is to be put wiU decide 

a balance should have mm sensitiveness ot gimter stability, 

and tie mines of M and 4 are, chosen accordingly. 

Weighing % the metiimi of 



The beam fa ramtfve balance, when in action, will swing fot 
R time,, when nearly equal weights are kept in the pAns and it 

idl be iBCBfivemfmt to wait till the beam comes to rest In order to 

the weights are equal The resti^ point fa ail sensitivt 
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glances is therefore determined by ciowm an odd 

consecutive turning points of the pointer OB the This method 

is called weighing by osculations. 

Keeping no load in the pans, the balance is b? 

the faapdfe, P .The pointer 'then., begins to swing. The irst few 
swings are Ignored and five consecutive turning points of the pointer 
on the scal^ are noted. For purposes of calculating the retting point, 
It will be more convenient if the graduations on the scale are Itken 
to have their zero m the extreme left of the scale. Usually three turning 
points are obtained on the left and two on the right, The average 
of the turning points on the left and the averge of those on the right 
ait calculated. The mean of the two .averages gives the rating 
point of .&e pointer OB the scale* The testing point obtained 
with zero load in the pans is called the zero resting poiwt of the 
balance 



For Instance, If in any experiment, the consecutive turning 
points ate 5.J, IS. 5, 5.8 3 13.0, 6.0, the observations ".are arranged 
the Z R- P* is calculated as follows : . ".' 



5.2 13.5 

5*8 13.0 

6,0 



17*0 263 



Mean... 5.66 13.25 

p. 



To find the wright of a body : The given body fa placed In tibe left 
pan, and the weights in the right pan* The weights in the right pan 
are adjusted so that when Hie beam Is raised, the pointer swings 
within the scale and almost equally on either side of the Z R* P. 
The raiting point is again determined. If this resting point is lower 
than the Z. R. P., the weights In the right pan are header and if It is 
higher than the Z. R, P., the weights are lighter. The weight in the 
right pan is then decreased or increased dy 10 mg+ as the case may be 
and the testing point determined again. This resting point should be 
pa fhs othpr side of to g* R P* T^ we pet fwo icstiiip |K>|nts on 
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rife of the Z. R. P. corresponding to two weights placed In 

lite pan, which from cadi other by 10 mf. 

Hie Z* R* P. cMrreifKfficls to the horizontal position of the beam. 
If the in the pan are to be equal to the weight of the 

the point obtained should be equal to the Z. R. P. 

Of the two weights, that, which gives a testing point nearer' to 
tbe Z. R. P., Is the more correct one of the two and it Is taken as the 
of the body correct to a Gm&grom. The weight of the body 



may also be calculated c-oirect to a milligram from the observations 

obtained* as shown In the following example : ' '' 

Resting point with no load hi the pans . * 9.5 

Bating point with bodf In the left pan and 15.66 gin. i _ 

in tbe light pin - J 

Resting point with body fai the left pan and 15*67 gm. i ' ? 

in the right pan , . j * 8 * 9 

Difference In R. Pi when the weight Is Increased bf 
0.01 pa. 13.2-8-9 4.3 

BUetence between the higher R* P. and the 

E.R.P. isj-as . . . '. 3.7 

differ eace of weight required 

* 3J x 0,OI/43= 0,0086 cm* 

1 O 

h%licf R. P. is given by a weight that is lighter than the correct 

weight ' . ' , - . 

A lift comet weight 15.66+0*0086 15.6686 ft 1.669 gm. 



15, Bntfe rfumi mmA die true weight of a body with a falae 

balance* , 

1 ft 

If team of a Imlanee ate sot equal In length, the balance Is 

tt to l false, Gatw ^brb^d a mefcod by whidk die co^ect weight 
of a todf nf te obtained even wlii a fake balance. (It Is assumed 
ifcal Up beam mswim kirfczmital when there is no load In the pans 

of gfavi% of the beam lies bdow the fuicmm.) 
ce keqrfng it ri in the left an and 



then In the right pan* 

H , ^* * 

tt W, and W ? be the weights obtained fn the *w C&MI 



i. . tnms"*MD MiAsw^Mraro . IT 



respectively. If l^ and 1 2 are the of the arms and if W Is 

the true weight of the body, we -have* . 

when the body is placed in thf left pan, ' . 

W./ x -W^/j ... ...'(1) " 

and when the body and the weights are interchanged 

Wi _ . w i {9\ ' ' - 

_ , jf~, * * o ** * x"/ 

From (!) and (2) 
W = 



The true weight of the body as well as the ratio of the arms 
of the balance can be thus obtained by the method of double 
weighing, 

nplcs 



I. Given that the vtMtp, 0, of a capillary worn diftmds ujwn 
(a) P 9 the dmsity fthe JtfuM, 
(b). T> ih& surface tension and 
(c) X> th* wave Imgtk of the warn, 
establish the'fdatfo oc 



** 

Let 9 A. P . T p X , t being numerical constant. 

Dimensions of 



^ ' Force MLT~% 

99 T = 



__ ^ :^ - -. ~ 

Length , I, 



. . ** 

Hence we ha^e, 



Now equating the dimensions of [L] on the two sides. 
1 . - 3 tt + Y ...... . ..... ' .... ; 

Equating the dimensions of [M] 

0ci + j3 or a = j5 * 
Finally equating the dimensions of [f ] on the two ri 

,. , I sat jio OT' r* """' w" 

i p^ *F^ ' '^ ' 

From (2) n - ,|S of a 
',3 



*,* * 

j ' 
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2. 7fc awft? / fi **&>.-** 300 ft. ponnd&k in the F, P. 

PM ft wfe #* C. G. 5, 'jprim gwm that 1 foot 30*45 cm. 
.~ 4834! gm* 

Let x be the measure in die C. G. S. system, . 

Then x [I * 500 [E]. 



N0w [M] 453-6 [M,] 
L] S048 



2407x10* orgs. 



L Had t^m diiwamons of force, energy, power, and pressure. 
2. Giiren that the velocity of sound in a gas (z>) is a function' of 
in pressure {^} and density (d) prove that z? oc 4p/d. 

S. Show that the accel^aticm V of a particle moving with a 
mafoim sp^ P round a circle of radius r is proportional to 0*/r. 

4. Conirat by the method of dimensions (1) 42 Joules to foot- 
pwis* (2) Horse-power into watts* (3) Dynes pet sq. cm. Into 

pGtmdals par sq ft, 

4w.: (1) S-097 (2) 746 and (3) 6-719x10-*. 

. . , ^ 

5* AMnmh^ the unit of length to be one mile and the unit of 
' time ft* be one xnfmite, ind the values . of the units of velocity and 
'aCT^emlcH^ in terns of the imdainental units in F. P. S, mtem. ' : 

' 1 "> > ', i ' ' ; , ', , ', 

' ' "Jus. : 88 ft, per sec. ; || foot-second units. , , ; , 

' ' "', '" 6, Describe an! experiment to determine the radius of curvature 
' of a spherical surface with a spherometer. ; 



^ ' UNltS ANB' llEASlJEBIISiTS..; 

:-. ,7* Describe a common balance and explain how it may be . used 
to -determine the mass of a bodf correct to a milligram. 

8. What are the requisites of a good balance ? Explain how 
they are 'secured in practice. 

-9. Describe how a false balance be to determine the 

correct weight of a. body. 

10. Show that the sensitiveness of a balance is independent of 
the load in the .scale-pans when the terminal knife-edges are in the 
same plane as the central knife-edge. 

11, Given that the frequency of vibration, n, of a stretched 
string is a function of the tension T, the length I and the mass per 
unit length of the wire m 9 show 'that 

_l yHF ' :' . ; " 

. /^/ * 

* .Y m 

Deduce the dimensions of *J from the relation 



8z?l 
being the coefficient of viscosity of a liquid; P, the pressure diffe- 

rence between the ends of a capillary tube through wMch the liquid 
flows ; a, die radius of cross section of tube ; i, the length of the 
tabe ; % the volume of the H^uld flowing out of the tube and *, the 

time of flow in seconds,' 

13, Assuming that the force of gravitational attraction F 

between two masses M x and M 3 separated by a distance d is given 

by the ..relation, . ' - "" .-. ' 



find the dimensions of the gravitational constant G. 

14. Verify the .correctness of the following relations : 




(a) T = 2* A (b) 

lg 



(c) 

15. What do you mean by the dimension of a physical quantity ? 
What is a dimensional equation? What are the limitations of such 



UNITS AND MEASUREMENTS ./ . . ; 

an in uses* Deduce the 'dimensions of (!) constant 

of gravitation, (2) Young's modulus^ (3) surface tension and 
(4) codldtat of vfacoslty (A J7. April 1962) 

li* the of a physical quantity. Find the 

of (a) fora, (b) surface .tension and (c) momentum in 

of frequency, velocity and density as fundamental units, 

fef of tie dimensional method the correctness of 

1 . /^f~ . . . "' ' 

die equation n = A/ _ where V is the: frequency of the stretched 

** V IB . . '. : . ; . 

wire, T its length, *T* lls tension and *m* its mass per unit length. 

(A. U. April, 1963) 

17* Using the dimensional method find ,.an expression , for the 

velocity of sound in air, if it -depends upon .the atmospheric pressure 
the density of air. r:: " 

Using die method show that, if a body moves in a straight 

ine with an acceleration R/j towards a fixed point in a straight line, 
* the distance of the moving body, from the fixed point, the 

time by the body to move tc- the centre* of the force, stat ting 

; S '' 1 ''''''> 

from rest at a distance c d ' from it is proportional) to 'dR-^. 

(A U Sept., 1963} 

IS. What, .are fundamental and derived units? Give two 

tinits deducing their rektion.witbt the fundamental 



fcL 



how the- lever may be used to fiad the thickness 

of a plate. ' (A. U. 



19, the spfattftOMrter. Show how it may be used 

(a)^* ietmniae the fttckfica ' of a small glass plate and (b) the 

of corartuze '<jf a eowex swfaee, . (. jj 



' A^fiff Jy * W- '" """' 

waM 'da yuu understand by tbc dimensions of a physical 
H^%? Obtain the dimension of viscodty in terns of M, L 

** *B^ , t " " ' ' ' " ' , ' 

(4. U.April 1965) 
Bqfcn to prindple ami worWag of the optical lever. 

(4. U. April 1965) 



CHAPTER 11 



Y ' '.A. ROTATION ' ' 

16, When a body is moving so the points iflng . on a 

straight line In it are not displaced, It In said to rotate. The straight 
line .passing through the points which are not displaced during the 
motion of the body is called the of rotation. The rotation of 

bodies, which retain constant shape, is studied in this chapter. Such 
bodies are called rigid bodies. , The distance between any two points 
chosen at random in- a rigid bbdy remains constant, 

Let OA and OB be any two lines 
drawn in a body {Vbich is . rotating about 
a fixed axis perpendicular to the plane pf 
the paper, pasting through *O*. When 
the body rotates, lei OA be displaced to 
OA' and OB to OB' in a short interval 
of time &*. ' Thm in the case of a rigid- 
body, it is easily seen -that' I AOA' == 
:BOfe' ~ 80 ( say )* Thus every line 
passing through O is displaced through lg " 7 

the same angle* $$ This angle 81 is caUed*the angular 
mes&t of the body. 

If the angle $0 increases by equal amoitats ii^ equal bxtervab 
of time, the intervals (Jl) being as small as we can make them, the 
body is said to rotate with mniforaa angular velocity which is usually 

ted'-by tbe'letter <** .." . :-, ' ;. ..... .. 

and 




Hence the angular displacement == ' 

(uniform angular velocity) X (lime) 



Thai as the body rotates, A moves along a circle with centre 
O and radius V so that AA f =r.80. 

If the velocity with which die point A is moving be called V 
AA' r*80 , ^ 



CIRCULAR MOTION 
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that since tie value of V* differs from point 
to point* the velocities of. the particles of a body differ from 

particle to particle and, i>f any particle the velocity is proportional 
to the of the particle V from the axis. Since the motion 

of the particle is along a circle, the direction of motion and conse- 

the velocity of the particle are continuously changing. Its 

ipecd V if, however, constant if its angular velocity, <# 3 is uniform.' 

If the angular velocity * is not uniform, it may be defined in 
of the notation of Calculus to be dQ/dt. Le., the value thai 



ratio, between the increment in the angular displacement 
and the interval of time &f, assumes as jtf. is made to approach the 
value zero, at die instant, 

iej the angular velocity at any instant, = Ji, 

rff 

17. Angular acceleration : Folowing the analogy of linear 
BtttioBt, angular acceleration, , may be defined as the rate Of change 

of angular velocity. " ...- ,. . 



Tbe fineav aiiatioii (ka) of the particle in the direction of 



.Tbv 

Let a 




rotation 

act at A as the body is tttrned .through a small 
A be displaced to A'. Since AA' is o*II, F t may be 

assumed to be constant during the dis^ 
placement^ so that the work done Is equal 



Mtt ( FI X OA ) is the moment of the 
force F x about O. Now the force F^ at 
A gives ifae to an equal and opposite 
fotce ( the faction ) at O. But since O 
fa not disptactd, the worii done by F, at 

/ JL 
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O b'Zfero, The * total . work done by the two forces,, therefore. Is 

equal 'to Fj xAA f saFj XOAX 50. 

" : Now, these two equal and opposite forces, each equal to Fj* 
constitute a couple the moment, G 15 of which is equal to F x X OA, 
Le.^ G 3L F 1 .XOA* " 

.% The work done by the couple due to F 1 as the body rotates 



Similarly, if F 2 be the force acting along BB' at B, as B is dis- 
placed to B f (In the rotation of the body through the angle 50), the 
work done by the couple due to F 2 at B and its reaction at 
OF 2 XOBX50-C 2 X>0, where G 2 ==F 2 XOB. 

Thus if F lf F a ., w .be the forces acting at different points of the 

bo%, and G 1> G 3 be the moments of the couples due to these forces, 
the work done on the body during the angular displacement, $0, 

W= (G 1 +O t + ~) X*0 

= G.50 (where C C 1 +G a + ......I.c.,' the algebraic lorn of 

the moments of all the forces acting on the body which is 
equal to the resultant couple acting on the body ) 

Thus W, the work done in rotation,! _ p . 
through a siaal angle >0. /,"* , '. 

If tiu couple rafa&rig Urn ^&dy &$ of constant value, the work dmw fe 
rotating the body through &n, angl^ 1$ equsl to C0. 

If the body be rotated by a constant couple through one complete 

revolution, , , , , 

the wori done = 2i*G and if h makes n revolullonsj 
the work done m 2ir#p4, 

1, Resmltaiat csiaple and angular acceleration 

If m I be the mass of the element at A (Fig. 8) on which the 

> where is the linear acceleration of the 



-* 
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The of the F, about O=sF, X*\ =*m, r, . _ 2. 

Ill ^2 

Taking into consideration lite eqiml force of reaction F x acting 
at O, the of which about Q is equal to zero, the moment 

of tie couple* Oj dee to Fj wiU therefore be equal to fm, r, a,_9 V 

\ ^ 2 / 

.tf OB=r t and if tbfjmass of t%e element at B = m., 
of te couple due to F s =M 9 r 2 | , Extending the 



to the whole body, the algebraic sum of the moments of the 
on the body is equal to the. resultant- couple *C' actira 

on tie body and it b equal to 



,, f M . \ 



wlwrel = 

Tlf fwsulf^ I depends upen the m&sm of the particles and their 
f rm Ib xb / rotation. It Is a emstmtfor the body 
^-^i^poMmof^axhgffota&mmdh called the Mament of 
12. of 'tfre jbody about that axis* 



( H itfoltant coujrfe actfi^j oo the body = 

of inertia x angular acceleration.) 
tating body 

If Ac .linear velocity Of fte dement of man m, at A-o 

1 ' 



lie particles have the same angular velocity the 

ie feocfgy of the whole body ' * 



A - ti&titat&it Mdndft 

L 



or aomitl momentum 



the momentum of the element m^ at A about C> 
= ft^?! f?& f ^ *&. 

Molnent of momentum of die clement m^ about O 



Similarly the moment tf mottientuifi of m &bout (5 



, 
Thus the total moment of momentum of all the elements' of the 



22. A similarity can be between the corresponding 
dons in translator? and angular motion from the following table. It 
is found that moment of Inertia .plays the same 
motion as mass plays in translatory motion. 

""'""'"""^^ 

Translatory motion Angular motion 

L Displacement =j Angolai displacement 

2. Velocity V-- ~ Aagtlat Vdocitf = 

tfl A 

3* Acceleration a = ^ AttEtulaf a^oatio W ^ 



4. Mass=m Moment of Inertia = 1 

'5. Momentum = m X t^ = m* 77- Angular momentum' * loaL 



6. Force F * m* ^^ Couple G = I, 

1 Work 



8. Kinetid ciMtgy^fnfc 11 Elactlc energf =J I 



/-* V 

( It ) 



23. Radios of Gyration , , 

The 'value of the moment of Inertia .-.dT the body; I*J 
depends upon the mass of the body and the distribution of the m 
about the axii of relation, tte momeftt of iaertia of a body having 

' ' ""' "' '' ' ' '' '' "' ' '" " 
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therefore, written ai I - g mr * -MJ^whei e, JT is called 
the ndh of gfiation of the body about the axis. According to this 
_ __, the moment of inertia of the body Is equal to that of a 
particle which has the same mass as the body and which Is situated at 
a distance K from the axis* 

MomeBte of inertia i Mme cues 

S\ m m jpy> wf~ifmffi*^V*t'^F nr $ "MF 9 W^MP 1 *T3 ^^ ^^' ^|Jr *' %J 

middle pmt, fwfmdkulm t& fo Imgtk : 

Let'' the rod be of length I and of 
mas P pet unit length. 

of, the rod, M P 



A 



O 



B 



-x 



(1) 







* " Cumber a small element df the tod of length d x 

mt a distance x horn tf O^ tie mid point 'of the rod. : : ' ! 
' ; ' <l Mass of the ' element = P fi x, 

Moment of inertia of the element** { P rf x)x*. 
' * Momeiit of inertia of the whole rod I Is then obtained by 
btegiatisg (p. dx* jf 2 ) betwei' the limits x = + //2 and # i/2. 

. --. ' +1/2 ' ' ' - :/ " ! 



f 





1/2 



x* 



/2 



12 



12 



p) M0jnl f Imftia 0/ 5 cirmlar dis* about an axis passing 
through its centre perpendicular U thi plane of the Ms* : 

Consider a thin annular strip of width dr 
at a distance V fsrom Its centre (X 
Its area ^ (r+rfr) 3 - 




(n^lecting higher powers of dr) . 

Let P be the mass per unit area of the 

strip* ' '' ' ' 

Mais of the strip g^riff. p. 
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Moment of inertia of the strip about *O* , = (2nfr.P) * a - 

/* '" TC^^P /i \ 

I. Moment of inertia of the disc I %f$fT*d? = - ,...(1) 

* S %B T * 

tm . H dt * 

^i/^ j^ ' 

(where *d is the radious of the disc). , l ., 

Now, if M is the mass of the disc, M = 

* Substituting in (1) we get, 

the moment of inertia of disc Ma 2 /2. 



(fii) I, o/ * drcufaf loop about an axis passing through fts cmirt, 
petprndicuht to the plane of ths loaf : - 

Since every elemeEt of the loop is at the same distance V horn 
the axis. 



I = mf 4 = r Jg m = Mr s where M is the mass of the loop. 



25. Theorem of Parallel Ames 

If I is the moment of imrtis, of a body about my axis and T g Is 
moment of inertia of the body atmt & parallel axis passing ^0**$ 
centre of gratify.. I** 1^+ Ma* where** is the p*ty*nMc&!&r distant* 
between the two axes and M is the mass of the body. , ' { 

Let I be the moment of inertia of fh body about an axis passing 
ftrough a point *O f ' perpencUcalav to the plane of the paper and let a 
small element of mass dm be situated at P, The moment, of i 
of the element, dm, about O4to. OP S " ..... " 



Lei G be a point at which a paiallel axis passing through die 
centre of gtavity of the body cptft th@ plan pf ih pafer Dfaw 
peipendkulat to OG (ot OG produced). 



At. OP* 




<fo.f 




GQ?<bn + 2 



+ 



Jl*Q. a -^ 



|S 



9 



( 



V 



Now, 2 fdm.OG.GQ. - 2-OG. f GQ^m - since f GQ.*i - 

""" ......... JP :,.*/' * 

it h tie tesultant momeat of the masses of different elements, of 
cfa fee bod? b composed, about the centre of gravity, 



IfOG 






1 f f K3 a *iw L k the momenir of inertia- of the body aboui 
pyrafid axis passing through the centre of gravity. 



of pappeniieolar Apei 



t Ofn few ov aAfcA mzm&i&Ky at nght an^Us In the plane 
j&mm&mi 0% u an am perpmtKmlar to Ike- f lane' XOT of the lamina, 
J^==/y+/ x where J XJ J y and l z ' are respectively the moments ef 

ia efik$ lamina about Ike ax$s QX> OT and 



Let dh be the mass of a small element of the body a| P t tl|f 
eo-ordinates of which are (#, jj. 

OP r. 




j 



tfce 



pf inertia 



of the body, I z , about the axis 

+ 
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27. Moment of incrtlm -'of a dlw a^w^ a 

m&mmi @f inertia of e dxcular disc about an axis passing tMrmgk 



* an4 : 



to its ' plane = 



If AB and CD are two di^metres, which are mutually per- 
pendiculai, in .the of' the' disc, the moment of inertia I of 

the disc about AB is equal to that about CD (since the distribution 
ffthe mass of the disc is -similar about any diameter). From the 

theorem of pcipcadiculaf ases 9 we have 



I + I 



Ma* 



or 



Ma* 



ff tf a cylinder . sm . 

through its centre, to the assls 



a cylinder AB: lie f * I % tadius * r * and man per 

uait volnnie * P*. The mais of the cyHBdev, M, is ;then equsl 



Imagine the" cylinder to be divided into thin circular discs 
perpendicular' to* the axis AB. 

Consider one sctcb d^ P, qf tltfpkness & at a distant 

. tjie midpoint of tye cylinder* \ . - '. 

Mass of the dise=??^cf 2 dx* f 



B 



parallel 



of faprti*. of Ijie 
ty* ni|| .qf rotiulqiii 



a diamfef wWch fa 
llpongh O 



Moment of inertia of this disc about Ihe axis of rotation passing 
" . -*. flrf^Pd!* ',.', 

through O m" riw + ( ^rapifo )a ( from Parallel Axj 

f. : . ' . ': -' . .' ,' ' : 




of herda f tie 



1/2 



+ 
+ f 



-Z/2 



12 



MI* 



M 






4 12 

It is evident that the moment of Inertia of a cylinder, 

Mr 2 
tie axis of rotation coincides with its axis, is equal to * 

SO. Moment of inertia ' rf a rectangular plate of sides 
a* and *b ' : ' ^ 
(a) Afout m axis through its centre^ parallel to the side, a 

Lei p be the mass per unit area of the plate. Imagine the 
rectangular plate to be divided into thin strips parallel to the side V* 

P Consider a strip at P of width dx and 

at a distance # from the axis, 
Mass of tht strip = fl. ^c. p. 
Moment of inertia of the strip about 
the axis *. P. x^dx* 

Moment of inertia of the plate about 



V __,._. 




A 


jiww*iM- ^ r 






; 




a 






t 



14 



the axis 



*/2 
f *l'**ix 



12 



-*/2' 

IfMls themassof tbeplate, M = 5. ^, p. 

'. Moment of mertk of the plate -M4 2 /12 .... .... (1) 

A (b) Similarly, it can be shown that 
: the Moment of Inertia of the plate about 

ff 

- j an axis passing through Its centre but 
patallel to the side *i* M 2 / 12. (2) 
r (c) Hence from the theorem of 
|^pdictilar axes, the moiaeiit of 






so 



15 



df ih 

Its 




MOT30M 



m 



Mo* 
12 






12 



M- 



12 



It -may be noted that this expression 'I . M.- 



12 



also gives tht 



moment of inertia of a thick rectangular plate or of a bat, about an 
axis passing through its centre* and perpendicular to the face, the 
sides of which are a and 4. 

31. The values of the moments of inertia of some regular bodies 

are given below: 



Bodf 



Axis of rotation 



Moment of inertia 



L 



2. 



Thin uniform rod 
Pengthl) 



Thin rectangular 

lamina 

(sides tf and b) 



8. Circular disc 



Solid qr lindef 

(length I and 
radius of 

sectioa R) 



Solid spheie 
(radius R) 



(a) Through its centre 
and perpendicular to 
Its length* 

(b) Through one end and 
perpendicular to Its 

length. 

(a) Through its centre 
and parallel to a 
side * a* 

(b) Through Its centre 
and parallel io a 
aide?*'. 

(c) Through the centre 
of the plate perpen- 
dicular to the surface. 

(a) Through Its centre 
and perpendicular to 
Its plane. 

(b) About a diameter 

(a) Through its axis of 
' rotation. .. :. ..'. v : ; 



Through Its centre 
and perpendicular to 

the length. 

About a diameter. 



M 



12 



12 

Ma* 

"IT 



12 



4 ,; 
MR' 



2 



-MR 



g K "' --"_ : 
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m. 

A ifr-wheei fa a massive wheel W with a long cylindrical axle 
A passing through its centre, perpendicular to its plane. The axle 
li donated horizontally on ball bearings at its ends. There is a stout 

Jia ftaed on the axle. 

A loop is made at one end of a light 
and a convenient weight of mass 
m attached at the other end. The loop 
Is slipped over the pin and the wheel is 
slowly so that the siring winds 
itself round the axle without over-lap- 
ping. If the wheel Is now let free, It 
begins to rotate in the opposite direction 
under the action of the descending 
Fig, 16 weight amd the string begins to unwind. 

The length of tie siring is adjusted in the beginning so that the loop 
off th* pin just whm tin weight, in its dimnt, touches the ground* A 
nttttk is made on the wheel agaiast some reference line to ' indicate 
its position when the loop slips off ( Le ., just when the mass touches 
the ground). . . ,. ' : 

The wheel is next turned M Vhii the string winds Itself on the 
axle a known ' number of times ( mj n^ ). Care . should , be taken to see 
ikzi tht lurm of the siring do not fall on one another. Holding the wheel 
bis position, the tatfght * h * of tite bottom of the weight above 
Hour is measured iwftha scalfc* "The wheel Isttei let free go 

iS t i 

as to rotate under the action of the weight and a stop-clock is started 

The mass now descends and touches the ground after 

\*f 



a time when the loop slips off the pii?., ti ,, 

f The time (l x *&, ) taken by the string to unwind itself is noted 
from the stop-clock without stopping it* The wheel continues to rotate 
after the weight b detached until all the kinetic energy acquired by 
It is lest. The number of revolutions ( n% ) made by the wheel before 

it comes to rest is noted. The, stop-clock is stopped when the fly-wheel 
flue time taken ( 2 sec.) for the wheel to come to rest 

the mass b detached, is calculated, 

a : ' As the mass' at the end of the string descends, it loses potential 
fpmgfr But this lo^ss m potential energy Is equal to the kinetic 
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energy gained by the falling mass and the rotating wheel. A portion 

of the potential energy lost is also used up in the work done in over- 

aoming friction, . : 

The mass m falls through a height, : A, and therefore the loss of 
potential energy. .of the mass = mgh - ,;. ... (1) 

Let be the angular velocity of the- wheel when the weight is 
detached and I be the Element of inertia of the wheel. 

The kinetic energy of the wheel = | I < s '.... ... (2) 

If o be the velocity of the descending mass just before it touches 
the groundj the kinetic; energy of the mass just before it touches the 
gtound s i m0 2 

.If r is the radius of the axle, the linear velocity of any point 
on. the axle = r */ . '"' - . . - . . ' ^ 

As the axle rotates, the string unwinds itself and the velocity 
of the descending mass is equal ' to the velocity of the point on the 
axle, or w = r a> ' : , : . ., . 

' ''- A The kinetic .energy of the mass = f m*"r 3 . ... (3) 

Let*/* be the work done in overcoming 'the frictional resistance 

for one rotation of the wheel. The wheel turns through n^ revolutions 
before the weight Is detached* Hence the work dctoe In overcoming 
friction in these EJ revolutions = n 1 / , .*. ,, ... ... (4) 

Froia the principle of conservation of energy, we have therefore 

}I 8 +iir 2 l *+ii 1 / or 
Iv*+mr***+-2*if ... ... ... (5) 

The fly-wheel has taken t% sec* for the first n x revolutions 
performed; bcfiwre the weight is detached and t% sec. for the /i 2 
revolutions performed after the weight is detached before it coiaes 
tp rest, Bucing the first interval its angular velocity has increased 

from zero to **$ while in the second Interval it has decreased from 1 

i& to zero. If we assume that the fly-wheel is subjected tO' a 
uniform frictional force, the average angular velocity becoiiaes equal 

" >' ' ' * ' ' ' ' :" 

to -- in either interval* . , 






Mofibi 



4*1 



(7) 

(8) 

.He angular velocity '* may be calculated by using either of 
the (6), (7) or (&). 

After the has dropped down, the fly-wheel loses all its 

energy in rotating,, through % revolutions, doing work against 

tie frieticma! resistance. 





* 



of 



(9) 



Substituting for / in (5) we get 
Zmgk = 



-f 



*2 

n, 



* \ ; 

* A. 



Thus determining <*>, j^, %J A and r as described above the 
moment of inertia of the iy-wheel mar be calculated* . 

B~ UNIFORM CIRCULAR MOTION 

If iu $pml u constant, U u mid to be in uniform circular motion. 

Consider a particle moving 11 with a speed along' an arc of a 
with centre *O f and mite eq eal to c if * (Fig. 17). . 

l-ct the particle move from P to Q,in a short 
interval of time 8* and let / POQ, 80. 

Tte velodty at P is in the direction of the 
tangent PR and the velocity at Q, is also 
bat in the direction of the tangent QS. 
To determine die acceleration of the particle ; 
Resolve the velocities as P and Q, parallel 
PO and perpendicular to PO respectively. 
L Parallel to PO : 

', the component at P = 
at O -9 sin ft!** p. 80 ( s ln CC 80 is small) 



R 
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2. Perpendicular to PO : 

The component at P = v 

9S , Q/.- v. cos 50 v 

( since 80 is very small ) 

Acceleration parallel to PO 



= p. ca ( o> being its angular velocity } 

. . 

v 
( SHICC f ) . 

r 
Acceleration, perpendicular to PO 

f n V 

(Le. 5 along Its tangent PR) L_ - i 0. 

V f ;, 

Thus the acceleration of the particle is wholly in the direction 
PO (i.e.,) it is normal to its direction of motion and its value is equal 

n2 ' 

to ^ or * 2 f of . Hence a particle moving along an arc of a circle 

' ' 



o 
ect to an acctUmtion equal to in a direction normal to the direction of 

its motim. It therefor^ follows that when a pat tide is having uniform 
circular motion it Is acted on by a force. This force on the body acts 

towards the centre of the circle and its value Is equal to or ni**r 
where m is the mass of the particle. 

TMs force acting on the particle towards the centra of the drck i$ called 
the centripetal foree. 

34 According to Newton*s third law of motion, there is a 
reaction to every force, which is equal and opposite to It, IWs force 
of reaction on a body in uniform circular motion therefore acts away 

Q 

frmn the centre of the circle and is equal to - ( or m*r ). His 

force Is called the centrifugal force. 

It may be noted that the centrifugal force is caused by the inertia 

of the body and when the body is in circular motion, it (tlift ceitrifiig al 
force) tends to take the body away from the cen^ gf tiie ccle f ad |f 
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there be no external force acting on the body, the body would move 

away the centre of the circle due to the eentrifiagal force, 

A particle moving * n a circular path describes 2 it radians about 
the centre in one complete revolution* Therefore the period of 
revolution, 

T- 2fc dtt-B 2jc 

^ &n m ** x 

There are interesting applications of centrifugal force such 

as die centrifuge, the centrifugal pump, the governor of a steam 

engine etc* 

Examples 

I. A nmform square lamina of side 2a k hung by one corner so that 
ft cmjndj m ik own plant. Find the mommt of inertia of the plate 

lie axis $f fc4ation 

Moment of inertia of the square lamina about 
an axis passing through its midpoint c O 9 and 
perpendicular to the plane s 



A 



2e 




3 



D 




Let the plate be hung from the corner A. 

M. L about a parallel axis passing through 



* a 



P%. 18 



2 . & fe% aoMrW m a horizontal circle at 
5ft. s the other md of the string being fixed. 
/ rmlw&m per mimtte the particle can make without 
if me imAmm tension the string can bmf is 

strigGitrifogal fetse acting on the mass. 

it be' the 'greatest ntnnbcr of fcvototfons iJer %c. ' ' " ' ' 
value itf anguto velocity of rotation, & = 2 * H. 



of die body = 2 Ik 

in tie 






. 5 - 2 



w 

i= 150 



X 
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Hence 40 ^% 2 = 150 X 32 

or fl a . 

.. ' ' "' 

and n = 3487 
/Maximum number of revolutions per minute 209-2. 



3. -4 fly-wheel of mass 100 kg* and radius of gyration 50 cm, makes 
120 revolutions per minute. Find the moment of inertia of the 'fly-wheel and 
the energy stored in it. 

Moment of' Inertia, I MA 2 
Radius of gyration ,, =p 50 cm. 
Matt of tlie wheel = 100 kg. 

Moment of inertia - 100,000 X 50 2 

= 25X10* gm. cm> 

No. of revolutions per sec., = 120/60 = 2 
Angular velocity, & =* 2<nn = 2TCX2 =s!i ^ 

/. KJB, stored in the fly-wheel JI<* iX 25X10^ x(4it) a 

19-73X10 9 etgs. 



4. ^4 %Al i^m^ ts wmnd 3 times round the axle (of radius 1*4 cm.) 
of afly*whd mid a weight of 100 m* is attached at the free end of the string. 
The weight is thm released. The wheel is found to make 5 revolutions in 

30 sec. before coming to rest after the mass is released*. Find the M L of 

the flywheel. 

No. of revolutions, the wheel makes before the mass falls 3 it 1 3. 
No. of revolutions, the wheel makes after the mass falls, a 5 

Mass attached, m** 100 gm. 
Radius of the axle, r = 14 cm. 

-.. Height^iiioiigh ; which the mass falls aa=2itfi 1 

==2x^X1*4x3-264 cm. 

Average angular vdocity just after the mass falls 

' ' ' ' , 

Angular velocity just when the mass falls,, & 

' ' 



.* 
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M. L of the iy-wfaeel . -*- ( M. _ r * ] (vide p. 40) 

1 T^s \ / 



5XJM 72X980X264 \ 

\ (2w/3) ~ ** / 




73.9X10* gmxm. 2 . 

Exercises 

Explain what you understand by moment of inertia and 

of gyration. . . . ., 
2. State and explain (a) theorem of parallel axes and 

theorem of perpendicular axes. .; ;; ' ' ' , , . ' '. 

... Describe .an "experiment fc> determine the moment of inertia 

a 

4. Obtain an expression for tihe normal acceleration of a body 
round a circular path witt uniform speed. 

5. A light string, wound 5 times round the axle of a fly-wheel 
carries at its free end a mass of 250 gm. When the system is released," 
tie ramss is detached after moving down a distance of 39-6 cm. 
Had die moment of inertia of the fly-wheel if it makes 8 revolu- 
tions in 72 sec. after the mass Is released. 

(Ans. 6.056 X 10 gm.cm. 2 ) 

6. Show that the moment of inertia ( 1 ) of a circular disc of radius 

, '' ' SUM 
V about a tangent line is and (2) of a solid sphere of radius 'n* 



about a tangent line is ',' * 

5 



A fly-w!^el erf mm& 200 kg* and of radius 60 cm. makes 240 

revolutions par minute* Assuming that the mass is concentrated at 
Its rto, ind the energy stored in the fly-wheel. 

(Am. 22*74 *!0 8 joules) 

8^ A fif-wiied i"iof Oftan 60 kg. and of radius of gyration 15 cm. Is 
i* a lorfepntal axk of radius 2 cm. of negligible mass. A 
string wound on the axle carries at its free end a mass of 3 kg. 
tin* mm down frerfy. Assuming that there is no friction at 

^ acceleration of the mass is^/1126 cm. /sec., 
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9. An electron of mass 0-91! X 1Q~"3O kg, under the action of a 
magnetic force moves In a circle of radius 3 cm. at a speed of 3 X 10 6 
metres/sec. At what speed will a proton of mass 1-673 X I0~~ 27 kg. 
move in a circle of the same radius if it is acted on by the same 
magnetic farce. [Ans* 7x IQ* metres/sec. ] 

10. Four masses, each of 5 Ib. are fastened together with four 
strings each 3 ft. long, so as to form a square. If the square rotates 
in a horizontal plane on a smooth table at a speed of 2 revolutions 
per second find the tension in the strings. { Ans. 37 Ib. wt. 

# 

11. A particle of mass 1 Ibt is being whirled in a horizontal 
circle at the end of a string 4 ft. long, the other end being fixed. 

If the maximum tension the string can bear Is- 12.0 Ib. wt., find the 
greatest speed per minute which can be given to the particle, 

[ Ans. 4184 rev,/min ] 

12. Define (a] monacal of inertia and (k) radius of gyiation. 

Deduce expressions for (I) ; angular momentum and torque. 
Frove'ma&ematically.ihat when two spheres, one solid 'and the other 
hollow, of the, same mass and radius are allowed., to roll down an. 
inclined plane from rest, It is the solid sphere fhaj, moves faster than 
the other. (A. U. April 1962 ) 

13. Derive an expression for the centripetal force acting on 

a particle having uniform circular motion, 

(A. U.Sep # , 1962} 
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Fig. 19 



Motion ; Let P be a point moving 
IE a circle with centre O* and radius V 
'with a. uniform, speeds Let A'OA 
be a,, diameter; of the circle and 
let PN be drawn perpendicular to A'OA. 
As P moves round the circle, the foot of 
the perpendicular N moves backwards 
and forwards on A'OA between A and 
A 1 ', The' motion of N is said to be 
simple hmnnaic s Let us investigate 
the motion of NA : ; 

36. Displacement of N : If to be 
the angular velocity with which the 

radius vector OP rotates (and it may be called the angular velocity of 

P about O L f *B a*. 

/ 1 ~* " . 

1 If the displacement ON be called x and if Z AOP Q, 

* = OP CM as ft, COS 0. .[ 

Tie position of P'and consequently ' of N varies with time. If 
fa JBeasured'fiom the instant when P is at A, 

= <0J and # = a cos ^t 

If, however, time is measured from any arbitrary instant, say, 
P is at B, so that / M)P = /; we have 

- / BOP - / AOB = 4>| - / AOB. 

Now since B is a ftsei point on the circle, / AOB is a constant 

for , the 1 mdtioa of P and if it be called a, 

=s on i m atuQi % ss @ cos f tt& |* \ / /i\ 

position of the particle having simple harmonic 
For the given motion of P, the radius of the circle, a is a 
'- fa called the amplitude of the simple hamlonic 
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32. Period .of 8. H. ML : Since is the angular velocity of 

a 

P 9 it takes sec. to describe one revolution. This Is the period of 

revolution, T 9 of the point P. In the time P moves from P to A* 
(In Fig 19) on the circle, N moves from N to A r ; In the time P 
moves from A.' to A on the circle, N moves from A f to A and in 

the time P moves from A to P on the circle and completes the 
r evolution, N moves from A to N (in Fig. -19) and thus as P completes 
one revolution, N will be passing the same position in the same 
direction. This motion of N between two successive instants when 
it is passing the same position in the same direction is. called one 
oscillation and the interval of time between the two instants, Le, 9 
the' time taken for one oscillation^ T, the period of the simple 
harmonic motion.-"* It- is -seen thp,tit (i.e. period) is the time taken 
by the particle describing simple harmonic motion for one complete 
backward and forward motion OB the diameter of the circle AOA 1 . 

Now this period, T 3 is equal to the period of revolution of P, 

which in turn fa equal to 

* j 

:. The period of S. H. M. 5 T - 

. It is seen that the period does ,:Hot .-depend, upon the amplitude 
V ; it depends on the angular velocity, &>. 

The number of oscillations performed per second is called the 
frequency of sclllati0m, n* 

Obviously, = ~=r . .. .. : - 

38. Velocity '.f N : The. velocity P is v in the direction FT 

(Fig. 19). The velocity of N which moves on AOA' as, P m^ves on 
the.' circle,; is equal .to ' the component of the velocity of P in the 
direction parallel to'AOA\i.e^ v cm /TPQ, ' ' ' " 

('PQ; being drawn parallel to AOA f .). 
But /TPQ, - -5- - /OPQ, 
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The velocity of N - The component of the velocity of P in 
** the direction PQ,, 

- cos I ~r - / PON ] 

0sin /PON = 0sin 

= 5 &> sin 

~x* ... (2) 



(rince in PN= i/fl 2 - * 2 ) 

S. Acceieratiom 0f N : The acceleration of N Is equal to the 
joaent of the acceleration of Pin the direction of the motion of 

, L^ofAOA J . (Fig. 19) 



The acceleration of P = -- = * 2 towards 'O'. 



^ Tim acceleration of N =* cos 0, towards 'O 

of a # cos 0, towards C O 



. ..;-.. (3) 

The acceleration of 'the particle executing simple harmonic 
motion is thus directed towards the centre and is proportional to 
its distance from the centre. , . . 

Since the acceleration k towaids O it is negative when N is 
to the right of O, i.e., when # is positive and, It Is positive when * 
is negative. When we allow for the sign, therefore, the acceleration 



It -may be noted that *> 3 is a constant (since & is a constant) 
and "tills constant determines the period of the simple harmonic motion 



in accordance with the relation, T -., The period is independent of 

*** ,, , ; W 

; il &pmt* wty ^ ft< angular velocity, . 

4. emditiMs for S H. M. : Now it can be shown that the 
of the relation expressed in each of the equations, (1), (2) 
and 1 (3) is al true ; Ie., if any of these conditions is satisfied by 
particle moving along a line, the particle has simple harmonic 



IH. 
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motion. Of these three conditions, however, the last one relating to 
acceleration is preferred and S. BL M. is usually defined as follows : 

A particle is said to have simple harmonic motion if its acceleration is 
directed towards a fixed point in its path and is proportional to 
(measured along the path) from the fixed point. 

41. According to the conditions 
stated, the motion of the particle will 
be simple harmonic, whethr the path 
of the particle is straight or curved. 
If the path, AOA', is curved as in 
Fig. 20 (a), imagine that it is straighten- 
ed out as in Fig. 20 \b). 

Let N be a particle and let its accele- 
ration be /*,ON, (where /* is a cons- 
tant) and let it be directed towards O. 
Suppose A is the extreme end of the 
path. With O as centre and OA as 
radius, describe a circle* Now let P 




A (6) 



Fig. 20 (a) & (b) 



move on the circle with uniform angular velocity equal to 

Draw PN' perpendicular to the diameter A f OA. Then the foot 
of the perpendicular N 1 moves backwards and forwards along AOA f 
as P moves on the circle and its acceleration is equal to p ON' and 
is directed towards O. Let the motion of P on the circle be such that 
P is at A when N (the given particle) is at A. Then the foot of the 
perpendicular N' is also at A at this instant. Now the particle N and 
the foot of the perpendicular N' are both at the same point A at this 
instant and their velocities are zero (since their direction of motion is 
Fcversed at A). 

Their accelerations which are equal to |*.ON and /*.ON f are 
also equal at this Instant since they coincide in position. Therefore, 
as N 1 and N move along AOA' they continue to coincide with each 
other and have the same displacement, velocity and acceleration. 
The motion of N is therefore identical with that of N f . JJince the 
motion f N 1 is simple harmonic, the motion of N also is simple 

Jiarmonic and its period is equal to that of N 1 . i e., 
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Jk$ of # & independent of the amplitude of the simple harmonic 

a motion Is said to be isochronous. When a simple 
pendulum or a tuning fork vibrates, its periodic time remains constant 
though the extent of swing, i.e., the amplitude, gradually decreases, 
(These are the cases of isochronous. motion. ) 

42. of motion of a body la S. BL M. : Let P be a 

particle which moves on AB with its acceleratioa directed towards a 
pint O on AB and proportional to its distance from CX When P is 

d 2 x 

at a distance x from O, Its acceleration is - - ...... . (1) 



Then - oc 



Fig. 21 



p is constant. The negative sign indicates that the acceleration 

fa towards O. , . . ; . ** 

From (2) we have 

$ X 



A /<l\ 

= 0, .. ... (6) 

... ..' .. . . . 

When the motion of a particle satisfies this condition, the particle 

. ' ' ' 2<jr ' ' 

has S, Bu M. and: ,its^ period, = --* . . : 

vr 

3 10rce acting 0m a particle in 8. H, M. 

If the mass of the particle be m^ the force acting on the particle 



'* fit. 

Multiplying (2) bf m we have 
rf% 

M 

w* - ...... ji' w- 

Iff 4 



. . , . - 

wtore f is a constant ** p,mot p = . ... (5) 

' '. ' m 

It b Ann teea 1 tfiat if ike force mfUng m a particle is proportional to 
/rtoi afxiipomt hi its path dnd is directed towards 0, 



ti simple harmonic and the 'period 




/ <tfm * 2w-X ~. ... from (5) 

'* . .. . 
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Now, when x = 1, m. , 9 = /, */* is thus equal to the force 

acting on the particle for unit displacement, and the negative sign 
indicates that the force acts towards O* 'f* may therefore be called 
the restoring fore per unit displacement. Writing F for the 

force acting on the particle { m -j - } 9 we have, if F *= fx the 

\ ** / 

motion to be simple harmonic and T = 2 <RA/ where m is the 

mass of the particle. 

44. Work dene in S. H. M. 

The force acting on a particle, when its displacement is x from 



The magnitude of this force may be assumed to be unaltered 
during a further small displacement, dx. 

The work done upon the particle to displace it by dx = fx. dx. 
: The work done in displacing particle from O through a 

: ' x . . " ^ ' x ' " . ' 

* = j Jx. dx. = / ^~ = 



distance 



The work done on the particle is stored up as potential energy 
and it is thus seen that the potential energy of a particle having S. H. M. 
is proportional to the square of its displacement from the mean position. 

Conversely, if the work done on a particle is- proportional to the 
square of its displacement from a xel point in its path (and is equal 
tofcc 2 ), the motion of the particle is simple harmomlc and It is seen 

from art. 43 that the period of oscillation T = 2 ^\/HL 2^ A / 

v f 'V 

- ' j 

where m Is the mass of the particle, since / 2 k. 
45. Angular simple harmonic motion 

A body rotating about an axis under the action of a 
couple may also be in simple harmonic motion. The cprrpspond- 

ing equation for its motion can be shown to be given by 

W 
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this equation Is satisfied by a body rotating about an axis, 
its is simple harmonic and Its period of oscillation = 

46. ml S. m. M. 

The displacement, velocity and acceleration of a particle executing 
S. H. M* vary from instant to instant as the particle performs an 
oscillation. The particle is therefore said to have a certain piaee at a 
instant The phase changes continuously as the particle 
executes the oscillation and it repeats itself at intervals equal to the 
period* The particle, .therefore, passes through the same series of 
phases in every oscillation. 

In the expression x & cos ( f - a )> the angle (tot-a) is taken 
to ieine the phase of the S. H. M. at the instant of time represented 
bf . If tbere are two S. A. M,s of the same period given by the 

X 2 as ^ COS ( *f - ffj ) : 

'" ami XT* =* a n cos 



S. H* M.S <M;ffi2t in phase by ( e>f-o 1 ) - ( ^>l-a 2 ) = (. -a 
wiich is a omstant The two S.HM^ will therefore have a coBstant 

of phase* ' 



( *s i ) = j ^e two S. H. Ms are said to agree in phase, 
and If ( o ft ! ) = itj they are said to be opposite in phase. 

If, however, the periods are different and the S.H.M.s are given 
bf the relations, 



and*, - * a cos( a <-i 9 ), the difference of phase between 

it varies with time 

47. Simple Pendulum 

An ideal staple pendulum consists of a point mass suspended 
from a fixed point by means of a light intxtmsibk string The 
point mass is called the bob of the prndulmn and it oscillates in 
a vertical plane under the action of gravity. The motion of 
staple pendulum is simj>U harmonic as is shown below. 
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Consider a simple pendulum of length I suspended from "a 

point O. If the bob ( of mass m } is drawn to a side and released, 

the pendulum 'begins to oscillate ia the vertical plane. Let A and 

C represent the extreme positions of the bob and B, the equilibrium 
position* 

Let OG'inake an angle with the vertical. 

The force acting on the bob ; at C = mg, 
vertically downwards. Resolving it along OC 
and perpendicular to OC, we get the 
components to be (1) mg cos Q along OC 
and (2) mg sia Q perpendicular to OC 
i.e., along the tangent to the arc ABC and 
it is directed towards the equilibrium -posi- 
tion B. 

But if is small, sin = and therefore 
the force- acting on the bob towards the 

BC 

equilibrium position, B =* mg - = mg, . Fig. 22 

A The acceleration of the particle towards B = -~ - BC X 

* '.. * 

(displacement of the bob from B), i.e., acceleration oc displacement 

of the bob from B ( V g and I are constant ). This holds good for 

any position of the bob in its path AC. 

The- motion of the particle ;fa therefore simply harmonic and 

Its period of oscillation, 



d, 

A 







Thus for small oscillations (i.e., when is small) the oscillations 
of a simple pendulum are isochronous and the period is given by the 

n' inwf , ' j i ' 

relation, T = 

48. An expression for the period of the simple pendulum may 

also be deduced by considering its' energy^ ' : ! 

The energy of the pendulum at the extreme pdsltloi* fe enfedy 
potential, while at the equilibrium position B^ ' ' It 
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In! at any other point,, the pendulum possesses energy 

which is partly kinedc and partly potential. 
From tfw principle of conservation of energy, the 
Md energy of the pmdulum at any instant in its path 

is constant, 

Consider the pendulum in any position OC as 

it oscillates, when the string makes an angle 
with the vertical* 

If I be the length of the pendulum and m the 
mass of the ,bob s the potential energy of the 
bob Is tie position G ( with reference to B ) 
= mg X BE 
= fag (I / cos } mgl {I cos ). .... .... (1) 

dQ 

The angular velocity . of. 'the bob in this position . = - . 

rfft 

A The corresponding' linear velocity of the bob / -~^-. 

a 

/da \ 2 

A Kinetic eaefgy of tiie bob | m/ s ( -~ 1 . . .. (2) 

Hence for the total energy of the bob, we have . 

(rffl \*- 
^ \ .+ mgl {I -cos'0) = constant, . .... ' .(3) 

Bifferentiating equation (3) with respect to lime," we get 



_ f- 



* ( when k small). 
it 

THs is an equation for a body in angular simple harmonic 



Hence tfae motion of fee simple pendulum Is simple harmonic 
its. T 2-ic / * '" 





,. Ac .ntMbm (4} s the acpekwtion. due to gmvitf , * g f , at 

gluae pay 



tii. 
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49. The Compound Pendulum 

A simple pendulum is an Ideal one and It 
cannot be achieved In practice because ft w 

impossible to obtain a point mass and also because 
the siring cannot be weightless* These factors 
make It necessary that we should take into 

* 

consideration the moment of Inertia of the 

* 

* 

whole system about the point of. suspension, ./ / 

In addition, the string slackens as the bob appro- A d 

aches the extreme positions of its swing on either 

side (Fig. 24). It mould therefore be preferable 

to fake a rigid bodj and make it oscillate in a vertical plane about a horizontal 

axis. A rigid body oscillating in this way Is called a compound 




Fig. 24 



5. An expression for Its period of oscillation may be deduced 
as follows ; 

Consider a rigid body of mass m suspended from a horizonta 

knife-edge passing through a point *Q* in It. 

Let G be Its centre of gravity. The weight 

of die pendulum acts vertically downwards through 
G. When the pendulum Is at rest, G will Ue verti- 
cally below CX Let OG=I If the body be now 

displaced through an angle and released, it tseglns 
to oscillate about the knife-edge passing through *O*. 

Let G f be the position of the centre of gravitf 
G at any instant and let Z GOG' = 0. 

Draw G' A perpendicular to OG, Then AG Is 
the vertical height through which the centre of 
gravity is raised, so that the- potential energy gained 
by the body = mg. AG. .. .. . , , 

mg (OG - O A) ing (I - 1 cos 0) mgl ( I - cos ) . . ( 1} 
The angular velocity <o of the pendulum in this position 

^ ' ; ' "i. 

If 1 is the moment of inertia of the body about e O % the 



(2) 




Fig, 25 



kinetic energy >f the pendulum = 
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But Ik mm of tie. two energies mist be constant according to the 

of the conservation, of energy. 

* i I I I +M| ( 1 cos ) constant. 




nr *^ ^ * ws y j = constant. MJB /<n 

ing equation ( 3 ) with respect to time, we get 



= 0. 



Hence, if is , = . (4) 



^ Itemodoii of the bod f is, therefore, simple harmonic and its 

of cwdlalion, . . ' 





. . , f f ^ V acting through its centre of gravity 

G m the duplaced position gives rise to an equal and opposite 
force off reaction at the knife-edge O ' (Fig. 

which 




Moment of the 'Couple = me v a' A 

^tw** "'aC ^f^^. *' * j. HL 

ifc J ^ ^ ^"^ <fc Av 

But G f As=| sin = /Q < 
Moment of the couple, 

If I is the mom^ of inertia of the body about ' O '. angular accele- 



rsititei 1 sas *'*^ B ' /\ 

I * (|. le., angular acceleration oc 0. 

-*ioB of the compound pendulum 1 8 simple harmonic 

period " 




~I~1 
V mJ/J 
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If k is the radius of gyration of the body about G 5 

T . ^2 S o that I - mk* + ml* m (& 2 + '* ) 

5 

Substituting for I in equation (5), we get 
T - 2* 





Hence the period of a compound pendulum is the same as 

that of a simple pendulum of length 



/ *! + *- ) is called the lengtli of A equivaleiit simple 
(L) and it is always greater than I since A:* is always 



positive. 

51. Centre* of suspension mud 

Take a point .Oj. on OG produced so that OO^ p 

Then O is called the eentre of snpenIon and O 15 the centre 
of oscillation. (Fig, 25) 

If GOj - i t OO.j. I + 'i- 

Jb 2 4- I 2 . , i * 2 _L i / j.'/ 

:L. " - = I -f L or -7- +/=** + *i 

I . x I -. ' . . ,-v 



*" i i A 

or "^* sss *x icj 






...(I) 

/F~ ~" ' v * v * 

If the pendulum is now reversed and suspended from a horizontal 
knife^dge passing through O, (the centre of -oscillation), the period 
of oscillation, _ 
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the of is the same, whe- 

ther the body Is suspended from O or Qj,. The 
of and .ate thus inter- 

and the of oscillation about 

of them is equal to the period of a simple 
of L { == 1+ lj) , the length between 

the about which the periods ate equal. 

It may be seen from considerations of symmetry 
that If a point O s be chosen on OG produced such 
that GO a GO, the period -of oscillation about O a 
wil also be equal to T (Fig. 26). It Is to be noted 
the of the equivalent is not that between 

O and O 2 but between O and O x . It Is therefore the length 
two are maymmctiic respect to the centre 

cf gravity of 'the body about which the periods are the same. 

ate two wines of 4 &* wMdi the period T is the 




Fig. 



same, s 



from- the relation, T= 




which reduces 



tp the in 4 

ft _ &-L l + jfca = o. 



Simliarlf,. fiete will be two more points on the other side of G 
having the pefkidL 

Thn*, there will be points haraig Ate same period, T,. which 

arc coHnear with the centre of giavit? two of them at a ; distance I 
the other two at a distance / x on either side of G). 

51. (a) Coa^ltiom f^r tbe peried to Be 

Tbe period of the compound penduhuz 

whoa i = i as bdow : 



T 




t + I a 



{Eq.6. - Aft. 50) 



or 



( 



+ P 



DiSerentiating with respect to /, we get 



2T 



--.- 



_ A . , 1 

w ^^^ ..... . ........ , j i 






HI. 
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When T is minimum, 



dT 
dl 



= 



g 



k* 



-'4-1.0 



01 



I 




3 



i. e, h * =*= I. 
52. Determination of tf * with a, compound pendulum 

A compound pendulum is usually in the form of a bar AB, whick 
is provided with a number of holes along its length. The bar is 
made to vibrate in a vertical plane 
about a horizontal knife-edge, which 
can be passed through any one of the 
holes. The holes are usually symmetri- 
cal about the centre of gravity of the 
bar. 

To begin with, the horizontal knife- 
edge is passed through the hole near 
the end A. The period of oscillation 
is determined and the distance of the 
knife-edge from the end A is measured. 
The experiment is repeated changing Fig 27 

the position of the knife-edge from hole to hole. In each case the 
period and the distance of the position of the knife-edge from the same end 
A are noted* When the knife-edge gets near the centre of gravity of 
the bar, the period becomes very long. The bar is then inverted and 
the experiment is repeated on the other side of the bar changing the 
knife-edge from hole to hole as before. In each case the period T 
Is determined and the distance from the same end A of the bar is measured. 
A graph Is plotted between the period ( on j axis) and the 
distance from A (on the # axis). Two symmetrical curves ABC 
and DEF are obtained, one for either side of the centre of gravity 
(Fig. 28). It Is seen that, as the distance from A increases, the 
period first decreases and then Increases tending to infinity as the 
centre of gravity of the bar is approached. 

A horizontal line PQRS is drawn cutting botih the curves at 
points P, Q, R and S; P s Q, R and S are then the fou* points pp 
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the of gravity having the same period. 

G F Now PR ( - QS ) gives the 

length of the equivalent 
ample pendulum having a 
period equal to PM ( = T). 

Q\ "... 1/ PR and QS are measured 

and their average is taken as 
the length, L of the eqolva- 

/v 





w ' : ungih From A *n Cm i^ simple pendulum. 

Fig, 28. 

The acceleration 'due to g* Is then calculated from the 

np -- * - * - **' 




To be more' accurate, the average value of. g is obtained by 
drawing more lines parallel to the # axis and finding the 

corresponding values of L and T. 

Si. 



of tlie mliftm^Mify &f ike smites of&scittatwn and 
vims by .Safer m 1817, IP' 'det^mim the lengflt of 

ike and the acceleration due t gravity *g y very accurately. 

Tie peadiafaiin consfets of a bar having two knife-edges A and 
B neat its aids. It carries two pairs of cylinders G and F and D and E f 
each pair having Ac same size. G and F are larger and 
D and , much smaller. Also G and D are heavy and 
are usually made of brass and E and F, are of wood. 
The knife-edges and the cylinders are movable along 
the bar and they are to be fixed in portions so that the 
s symmetrical about its centre of figure. The 
centre of gravity of Ac pendulum will then be to one 
side and the knife-edges will be asymmetric with respect 
,. to the centre of gravity. 

1 ' ' : ' 

The , periods of oscillation are determined suspending 

the bar, from the, two knife-edges in turn. The positions 
of die weights are then adjusted so that the periods 
about the two knife-edges are equal* 

Kater* in Ms experiments, succeeded after a long trial 
in getting a negligible difference In the periodic 





SIMPLE HARMONIC MOTION 55 

about the two knife-edges A and B. It may be of interest to note 
that the number of oscillations made by his pendulum in 24 hours 
about the two knife-edges respectively did not differ by more than a 
fraction of a swing. 

A and B then give the reciprocal points of oscillation and 
suspension and the distance between them is the length, L, of the 
equivalent simple pendulum. The length between the knife-edges 
A and B is carefully measured and 'g* calculated from the relation* 

a *_ 

The experiment is however subject to some sources of error 
which require correction. They are due to (1) yielding of the support 
(2) buoyancy and viscosity of air (3) curvature of the knife-edges ml (4) Jtniie 
arc of swing. One serious difficulty in conducting the experiment 
is that a very long time extending over days may have to be spent 
for securing perfect equality of periods, 

54* Graphics! Method 

When the periods are nearly equal in Kater's pendulum, the 
displacemet of any knife-edge towards the centre of gravity of the 
pendulum shortens the periodic time about the knife-edge. Now 
the length of the equivalent simple pendulum is obtained as 
follows : 

The knife-edges A and B are fixed symmetrically with respect 
to the bar near the ends. The periods T x and T 2 about the two 
knife-edges A and B respectively are determined. The length 2 
between the knife-edges is measured. Let the period T 1 about A 
be greater than the period T s about B ( i.e., T x > T a ). 

The knife-edges are now moved equally bf a few centimetres 
towards the centre of the bar and fixed. The periods T 1 I and T a f 
respectively about the two knife-edges A and B are again determined. 
iy should be less than T 2 r (L e., T t f < T 2 > ). 

Otherwise : If, however, T x ' > Tj and T 2 ? < T 2 3 the knife* 
edges are moved further apart by equal distances and the periods 
about the knife-edges determined so that the condition, Tj 1 < 
is satisfied. 

The length I' between the knife-edges A and B is measured. 
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raph is plotted between the periods on the j? axis and the 

{ between the knife-edges) on the * axis choosing a large 
for the propose. The points K and N correspond to the 
periods T x ( about A ) and T 3 ( about B ) when the length between 
the knife-edges is I and the points M and L correspond to the periods 
Tg 1 (about B) and T a ' (about A) respectively when the length 
between Ac knife-edges is ! f . 



>* 



o 



KL and MN are then joined* The 
co-ordinates of P, the , point of their 
inter-section, then give the length L of 
the equivalent simple pendulum and : its 
corresponding period, T. . e g* may then 
be calculated from the relation. 



= 
Fig. 30 * 



5. 



Bessel showed that it mm mi imm&iy t& adjust the periods about 
the, two bdfe-ttgss to &* Meatfly, eqnd .as Kater attempted to' do in his 

experiments. Be^el suggested a modified formula for f g* when the 
periods about the two knife-edges are marly equal* 

Let T 1 and T 2 be the two periods obtained about the two 
kmfc-edgcs respectively. Let l^ and l m be the distances of the two 
knife-igcs from the centre of gravitf of the pendulum. 




Now t, = 2 W A-- or T.- - 4^ '*LA!. 

g * 




I 

-~__ 
_ or. 



. (jfc 

O 



(1) and (2), (Tx 2 ^- T 9 a* a ) ' -* 
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(a) If T x - T a - T, tMs gives 

o 

and if ^ Is not equal to l% 9 we will have 



a relation already deduced. 

(b) If T x is slightly different from T a , 

let TV = T* + I* ... ... '(4) 

and T 2 * T^ - *2 _ _ (5) 

Substituting for T 1 a and T 2 2 in (3) we get 
{T * 



O 

or T" (/j - /,) + M (/! + / 2 ) = 

o 



Le 

t 



T 2 J-T 2 ' T "2..T' "2 

But htm. (4) and (5) T* = . 3 and 



A' 

2 2 2 
so that equation (6) can be written as 



T 2 +T 2 T., 2 T 
* 2 



between the two knife-edges and it is 

determined very accurately with a cathetometer. / x and i g are next 
, finding the centre of gravity of the bar, by balancing 



it on a knife-edge, and measuring the distances of the knife-edges 
from the centre of gsavity. As ( Tj 2 T 2 2 ) Is a very small 
quantity { since TJ and T 2 .are vety .nearly equal .), any small orror 
that might be made In measuring fj and / 2 in this manner will not 
introduce more than a negligible error in the result. 

56. Metked of colsscide^ces 

The method of coincidences is used to measure the period of 

* ' ", 

a pendulum by comparing its oscillations with those of another of 
known period. This method Is applicable In the case of two pendulums 
of nearly equal periodic times and also when the period of one is 
neatly a sub-multiple of the other. 

s 



CHAP. 

The A is in of a 

B* A a black drawn 

on it, is to the of the B. 

A thin the as tba> on the 

disc, Is to the end of the A, The and 

tie are conveniently a The 

B the arc so the on B is 

the only when the . B is passing 

the .position* The A is so 

il Is in tbc the the 

that ft* two an set off 

If the pendulum A has a period 

B, B to the equilibrium the 

vertical OB it be the as it screws. 

B A to a at the in 
the next so on. This B half a swing 

over A* Tie two pendulums positions 

in directions, the vertical on B is 

by on A. is the two 

positions in the 

is iy the- on" j?, A them 
c^ in Ms of time} B has 0*1* 



If the B makes a oscillations between, two consecutive 

A only ( a 1 ) oscillations in this same 

interval. Since the period of the seconds pendulum B is 2 sec. , the 

|tte two is 'to 2 sec, and tfae 

[20 "' ' 
_ 
( -.1) . , 

if A OB B, the periodic lime of 

tf the BLumbef of oscillations made b B 



, ^ i 
between two consecutive coincidences. 
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1. A test tube float of weight 10 gm* and of external diamsUr 2 cm* 
is floated vertically In water by loading if with 15 gm of mereuy'at &$ 

bottom. The is set in vertical oscillations. Find its period. 

Total mass of the float ='10 + 15 = 25 gm. 
External radius of the tube = 1 cm, 

Let the tube be depressed through a small distances x at any 
Instant ia Its oscillations* 

Weight of displaced 

= nr % - d* g = w X I 2 X * X 1 X = it #g dyBfes. 

Upward thrust acting on the tube = <K xg dynes, 

Hence acceleration of the tube or the restoring force pet unit 
displacement, p x - * 




A/ 

V TT^f 



A T = 2 

2, A. particle is executing H. M, in a straight line, If its 

me 25 cm,/ sec. and 16 cm. f sec. respectively when it is at 2 cm. and 3 cm* from 
it$ &f equilibrium, find (a) the period of mdllat im (b) the maximum 

mhdty and (c) the amplitude. 

We know that vdocfy s of a body in S. H. M, In a straight line 
Is given by 2? = &> ^ a # 3 , : ' 

{ the angular velocity, : a the amplitude and ^r the. distancf 
from the centre,} ' ' ' 

Thus 25 = w v lit 

and 16 * n> ^ ^2 

. 25 





16 - /%/ * or 25 fr -9) 16* 




Lc., (6B5a* - 25&-) = (625 X 9) - (256 X 4), 
Hence n* = 12-48 and <z = 3-532 cm* ^ ' 

' 25 x 1 ' 25 

AngulaF velorftf , *, = 



V fl a _ /4 V 12-46 - 4 
/ - 8-884 rad./sec. 

Period of oscilktion, T = ~~ - ^^ 0-7127 sec. 
Maximmm velocity = a . = 3-5^ X 8-814 == 3 } - 1 3 cm. jfsec; 
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3, J iftfifr f side 2 1 is hung bj mm comer so as f< 

ftm*. Ff ifc &g& 0/lfe equivalent simpl 



M. I. of a rectangular lamina of sides V and c &* about ar 
axis tbiough its centre and perpendicular to the plane 



M. I. of a square lamina of side 2 I about a similai axis, 



(2I) 2 + (2A* 2 
I = - ; ' = --.nl 2 . When the lamina is. hung from 



one coiner, flic axis which the lamina swings fa an axis parallel 

-the alMc and fa at a dfeancc * = 2 I. 



L about a parallel axii, I 



of equivalent simple pendulum 



m * x 



J particle of'wilgkt Mg kmgs rt'&eatlof & mvtual dastu string 

if length L : 'mi mxU&s of elasticity. \ (fa. 9 Tonnes 

fa) Prm fcn the w$ni&al &sdllatims of the system are simple 
l (*) jferf AI 'egression for the pemd ef U 



Let OP be the string of length L and let it be stretched to Q, 
when f k the mass is suspended at its lower end.' Let the extension, 

it *_t Increase' in length '" ".,.,- - .Q 

Ineaf main * ^ _ 2_ . f 

Ordinal length.. . 





** 



string \ * -v~ 

Jut 



But the force acting on the string 
** Stows X c& of cross-section 

, r I 



as X * "jr A (wte A & the area of cross-section 

Of d ^rfllg) ; , ' , , /|\ 

' ' '" '" ' , J^ 1 * 1 A / 



R 



^g' 31 



in. 
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Now that the string is in equilibrium 

* I A -\JT f<>\ 

X* -=- A = M.g ... W 



( assuming the string to be of negligible mass ). 

If the mass be now pulled downwards and released, It will 

execute oscillations up and down. 

Consider the forces acting on the mass when It is displaced by an 
amount x below Q,. 

Since the total extension of the string Is equal to ( I + x ), force 
acting upon the string In the upward direction due to its elasticity 

A 
--' (* 



Force acting downwards = Mg* 
Resultant upward force on the mass 

-x - 



A A 

X = ( ' ~r x ) X- """* . 
JL JL 



... from (2) 

JU JU J 

XA 



(XA \ 
^- I, 'xsss'ftx 
IM I r 
* 

and it Is directed towards Q,. 

Since the acceleration of M is proportional to its distance x from 
Q, and is also directed towards Q,, the motion of the system is simple 

harmonic and the period of oscillation, T ^ = 2 <n A / 

V ^ V 

f K the mass of the string 

^JL (M%S/3) S being the mas* of the 



\ j 

But from (2) 



* "1*^9 <w A / . '.,.,,, 

* J. *^ A U\ A / ' - * . , ; . ' , ' , - . >, 

W^ S. 

' " & , *, 

(I being the lengfh through which the string is studied by 

the mass 
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the of is the same as that of a simple 

of 1- 

{To X* f ^ e mass suspended at the end of the string Is 

Increased by a amount, m the corresponding increase In 

*fl* 

= 1^1 I j, L being the original length of 
the ) 



I.' 1 Ddtae'S* H. 

2, the vdodty,' acceleration and periodic time of a paitide 

motion. 

8. phase of S. H. M. 

4, that the motion of a simple pendulum is simple 

harmonic, the of oscillation of the simple 

5* * of * and r centre . of oscillation *. 

are in a .compound pendulum. 

6. Give the of Kater*s pendulum and explain how It 

can .be determine.*^. 

7 a Obtain an expression for * g* In terms of two nearly equal 
periods of obtained about the two knife-edges of a Kater's 

pendulum* 

8, Describe an accurate method of determining the period of 

of a pendulum. -... ' ' . 

9. Show that there are .four points coHineaj? with the e.g. of 
a compound pendulum bar having -'tile same period, T. 

Show the period of vibration of a mggnet,- suspended' 



m m to rotate in a horizontal plane is equal to 2 K A/- 

;..... -,. ' ' .. ' - :-'.' ,., ; ."':'" ',V I 

11. A of mass m li moving with S, H, M. in a 

line* The particle Is found to possess velocities v^ and i? s 

It is at S} and 5 2 from its position of equilibrium* 

/j *. $ a 

that Its period is 2*x A/ -^ L~. ' 

r V ^8 t 



itt. 
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12* A test tube float of mass 16 gm. is set In vertical oscillations 
on the of water* If its external diameter Is 2 cm. find Its 

period of escalation.' (4J. 0-453 sec.) 

13. Calculate the' distance between the of oscillation 
and suspension on a uniform cylindrical bar as a seconds 

li * 

penduhra. (g = 978 cm. / sec. 8 ) . , ( Am. 99,1 cm. ) 

14. A circular disc < of radius V is arranged to oscillate freely 
about a horizontal axis which Is (I) to the disc and 
(2) perpendicular to the plane -of 'the disc and passing through a 
point on Its edge* Find the lengths of .the equivalent pendulum 
ia each case. [ Ans* 5a/4 ; 3aJ2 ] 

15. The distance between the knife-edge of a KaterY pendulum 
is 945 cm. The times of oscillations about the knife-edges ar 
1-924 and. 1-940 sec, respectively. Determine the acceleration due to 
gravity at the place if the . g of the pendulum lies at a distance of 
66-5 cm. from the knife-edge 'about which -'the -period is. 1*940 sec. 

[ Ans. 979-7 .cm./sec.*} 

16.' Derive the expression for the period of oscillation of, a 
compound pendulum* 

Explain how Kater's peadulum is for determining the 

acceleration due to gravity at any given place;.:, (A. U. Sept. 1961) 

17, Define centre of suspension and centre of oscillation as 
applied to a compound pendulum, aad prove that they are 
interchangeable* . . . : 

Describe Kater's pendulum and explain how it is used to' 
determine the acceleration due. to gravity at a place* 

(A. .U, April, 1964) 

18. Obtain a formula fot the period of a compound pendulum, 
What is the length of the simple equivalent pendulum ? Determine 
tbe condition for the period to be.' minimum. ,-.- ,( A. U, April., 1965 ) 

19. Describe" with relevant "' theory, an ' 'accurate method of 
determining the acceleration due to gravity- at a place* Mention 
briefly how the acceleration, due to giavity varies over the earth** 

(A. U. March, 1966 ) 




IV 

57. When a system of forces* which are in equilibrium, is 

to a body, it -generally undergoes a deformation, i. e., a 

change of or a change of shape or both. Some bodies regain 

their shape or siae when the applied forces are removed 

while do so* Bodies which tegain their original shape 

and are called elastic bodies and those that cannot regain them 
arc to be piutic. No body, in nature, is either perfectly 

elastic, oar perfectly plastic, 

tike t Ite property of moMet Sn rirftu of 

resists . my zhmge of shape or si& produced m it b? the 

of forces mi. rmmers frmm the fimnge . mkem the forces 

are ' . ' 

53. fetrain ' . ' . . . . . .: 

The 4efom6m In shape or size m Mk ssjmi ty a bodj when 

m f form is appKtd m it is mtted strm. Strain may .-be of 

different kinds, depending upon the nature of the forces applied, 

* r AT ; C* * L J 

{ a } Bn& Strmu : An isotroplc body, when it is compressed 
uniformly in all directions, will have a change in volume without 
any change in its shape. All bodies solid or fluid are capable 
of nndetgoing strain. The strmm in time ernes is meameifoy the 

rails of the change in volume to the original volume of the body. If a change 
of volume equal to v be produced in a body of volume, V, the bulk 

or volume strain =* 

. v , ....'. 

(b) Linear Strain: When a rod OF wire is acted, on by a 

system erf forces, parallel to its length, it will undergo a, change in 
ieogdu If the forces are tensile, the body is elongated and if they, 
are compresave, it is shortened, in the direction of the forces. The 
im Ms mm is measured by the ratio c*J the increase (or decrease) 
in to the original length of the rod OT wire. 
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o 



D' 



Hies If a change in length, I, is produced In a rod or wire of 
length, L, the linear stiain * -- 

JLi 

(c) Shearing Strain or Shear: In the above two cases, 
the direction in which the forces act is perpendicular to the surface 
of the body on which they act. If, however, 

forces are applied parallel to its surface, they 
tend to produce relative displacement 
between the different layers of the body and 
the body is deformed. The strain produced 
is called a Shear* In the case of a shear, 
it fa found that there is no change of volume 
of the body but only a change of shape. 



Flg * 



liquids and gases cannot resist forces, however small, which act 
tangential to their surfaces and they flow under the action of such 
forces. Solids aUm cm hose a shearing strain. 

The strain^ shear y is measured by the ratio of the relative displacement 
totf layers to the distance between them. It is also given by the 

angle shown in Fig. 52. When is small, tan Q = ^^~ 

BG 

= Relat * ve displacement between the layers AB & CD 

Distance between AB & CD 
Si. Stress 

When forces are applied to produce deformation in a body 
they are distributed over definite areas and further they form a 
system wMch Is in equilibrium. Corresponding to this system of 
appled forces, equal and opposite forces are brought Into play 
within the material of a body (AB) across any of I*s cross-section! 




S3 



(say at X) Am t Its elasticity, fi^ Internal forces acting across 
an? crvss-sictim M at X mOm the body and which are In equilibrium between 
themselves cms^^s a stress, It may be noted that tht fom 
acr&ss any I^MW^WI is equal 10 ffieforce apfl$i$ $% 
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' phosphor bronze show practically no elastic 

and are therefore used widely for suspensions in measuring 

like galvanometers. 

L f 



Consider two equal bodies A and B suspended by two metal 
wires of the same material, length and cross-section. When the 
bodies are through an angle and released, they perform 

wMch are governed by the rigidity of the wife- 
Lei the pendulum A be made to execute the oscillations for a fairly 
offitisiioosly, wMle B is- at rest. Now if A and B be set 
to ceiiiate, with same amplitude to start with, it will be observed that 
A comes to rest sower than B. This is attributed to * elastic 
fatigue * that is said to have been acquired by the torsion, pendulum 
A oa of its previous continuous oscillations. If, however, 

A is sufficient rest and made to oscillate again, it is observed that 

it comes to rest, at the same time as the pendulum B, the fatigue 
having passed off* 

f4L Moduli of Elasticity 

AccoicIIfig .to Hoole*s law, stress oe strain, ( when the strain is 

A A ^ v , Stress 

sot too gnat, } ie., -. a constant. 

Strain 

* . This, coastal* is catted, modulus f db*ticity . and is measured 
in dynes per sq. cm* . . .. . 

There are different inocWi of da^icity dbpcmdiig upon different 
Uads-of strain. 

(aj Young's modulus, Y : Let a wire of length ' L * and of 

area of o-oss-section * a 9 undergo an extension, /, when a stretching 

y f s m applied in the direction , erf to length. . . '' 

Then, longitudinal attain 

JLt 

/r . - . . ...... 

*^*** .^J^I^^MAA*^ o^caa. . - _ . ' : : 

a ' : -\ " . .'. .' . ; . 

Tie mcwMus of dasticity, in this case, fa called Youngs 
and fa mm&j denoted by the tetter Y. 
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(b) Bulk modulus, ki When a body is subjected to a 
uniform pressure { which is compressive force per unit area), its 

volume decreases and the strain produced will be a change in the size 
only. The ratio of stress to strain in this case is called bulk 
modulus and it is represented by the letter, "t. 

IF the diminution in the volume produced is v and the original 

volume is V, the strain = . 

If P is the pressure applied (i,e , the stress) 

Stress F PV 

bulk modulus, k = -- : or 

Strain 0/V v 

(c) Rigidity modulus, n : In the case of shearing strain, the 
ratio of the shearing stress applied to the face of the body to the shear 
produced, is called the modulus of rigidity and is usually denoted 

by the letter, n, 

The shearing stress is measured by the tangential force per unit 
area, T and the strain is measured by the angle of shear, ( in 

radians). 

Hence, modulus of rigidity, n * ^-7- s= . 

Strain 

(d) Poisson's Ratio, 0r : When a tensile stress is applied to 
a wire, the wire undergoes not only an extension of length in the 

direction of the force but also a lateral contraction* 

Any measurement of length, taken in a direction perpendicular 
to the length of the wire, will have a diminution. The ratio &f the 
decrease in Ungth in the lateral direction to the length in that direction 
is the lateral contraction. 

The ratio of lateral contraction to the longitudinal elongation is 
called Pison 9 s ratio and is denoted by the letter <r* 

_ lateral contraction , 

. Thus r =* ^ , ,, -' :; "; : 'and 

longitudinal elongation 



lateral contraction = <r >^ (longitudinal elongation ). 

65. Dimeaasiosas 0f msd^litti of elasticity : , ; ;: ' ' , 

Strain is the ratio of two physical quantities which have 
same dimensions. It is therefore a pure number and has zero 



is measured as an angle also, it has zero 
an angle has no dimensions* Since modulus of 
elasticity is the ratio of stress to strain and since strain has no 
tim if elasticity will M* the same dimensions as 

of stress. 

Stress- is the ratio of force to area and, therefore, its dimensions 

are 



D-' of 



therefore, are also the dimensions of modulus of elasticity. 
SlNmr Linear strain 

Let the lace ABCf> of a cube be distorted into ABC'D' by a 
of forces / appled as shown in Fig* 35. Then, 0, 

the angle through which BC or AD is turned, 
gives, the shearing strain. It is obvious from 
Fig. 35 that the diagonal AC is elongated 
to AC* and the diagonal BD ( at right angles 
to AC) is shortened to BD'. The, elongation. 
and contraction shown in the figure are much 
exaggerated. But in practice, the elongation 
and contraction and also the angle of shear, 
} are very small. 




35 



Let GB be the perpendicular drawn from G onto AC'. 

Then A CEC f may be considered to be a right angled isosceles 
triangle since Q is very small and /GG'E does not' differ much 

from 45 Further AC may be considered to be equal to AE, 

Now, the strain in tlje direction AC 

AC' - AC AC' - AE EG' 

~**. AC * 



AC 



AC 



Bat BG 1 



GG' 
=* and AC 4 2 1C 



,:* Strain ( elongation } in the.dicec&m 

H?/**f I^V^f 1 f^f^t 

jyLji \JUi 1 _ V^ivj 

~!NG |Sas ^W vz BG ~ * "lei: = 

Simlajrly, the strain (contraction) in the direction of the diagonal 

be shown to be equal to -^* ' ;i -". .' -..: 

^ 2 
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Thus, an alternative 'view may foe taken of a shear. Whm 

m body undergoes an dmgation in one direction and an equal contractwn in a 
perpendicular direction, the deformation produced is a shear. The elongation 

or contraction is numerically equal to half the angle of shear. .. 

67. We may also establish a relation between the stresses operat- 
ing in these two alternative cases ia the following way. 

Consider a unit cube ABGD. Let the tangential forces T and 

T acting on the faces BA and DC produce a shearing strain- The two 

forces constitute a couple tending to tilt 

the body about B. 

To keep the body in equilibrium, an 
equal and opposite couple is brought into 
play and let the components of the new T 
couple foe T and T but acting along DA 

and BG respectively. These forces are 

also equal to the stresses acting, since the 

--.fa. of unit side and the faces are of 

unit area. The shearing stress therefore 

is equal to T. ' . .. . :; 

Now resolve the forces T and T acting along BG and DC 

respectively In a direction p^pendicular to the diagonal BD. The 




B 



Fig, 36 



, . . ... . 

'Components are then each equal to T cos 45 6 

same direction parallel to OC and are tensile. 







, 
they act in the 



T T 

H 



These components are together equivalent to a force 

;; '' ' " ' * " -' 

which acts normally across the surface represented 

. . . ... , .. . ..... ', ..... .. ...,: 

e diagonal BD, 

Now, the area of the ^trfiicei BDa^txI^V^ (dnce the 



dimension perpendicular to the plane of the igure is 1 cm.). 

.'. The normal force acting per unit area on the surface BD S 



Le*, the normal stress, P 



= T or PT. 



Similarly, the compression stress acting on fhe plane AC can afeo 

be shown to foe equal to.*T. " : ' ' "' '' ' :; " 
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to the normal stress P, there b a linear strain * In 

OC, and it has been, shown that = 



tie 



A Rigidity modulus, n 







68, Volume strain mail Linear strain 

a unit cube subjected to a uniform dilatational 
Let the linear elongation produced in each side be *. 
P Then the length of the side 

becomes (1+0.) 
.". The volume of the cube 



p . 



SB 1 + 30 approximately 

( v is very small ) 
.V Volume strain 

1 JL *%* 1 -as 

1 iT *l A 

If the volume ( ot bulk ) strain 

product, is % then = 30. 

Hence the bulk strain Is thrice 

37 

the linear strain* 

Relations betireen Y, n 5 t as| d 0" 

amoit cube ABGDA r B'G r D r the sides of which are 



ifP 



parallel to one 'or another of the axes of reference OX, OY, and OZ 

rc^pectivdy (1%. 38). ; : " ; 

fbtoesP, O aoid H act on the faces of the 



cube In directions paraEel to OX ? OY and OZ respectively ; 

L&* the force P acts perpoadicular to faces 

AA r D f D and BB'G'C, 
die fc^rce Q, ac*s perpoidicular to faces 

AA'B f B and CG'D'D 
aad the Ibrce R acts perpendicular to faces 

ABCD and A'B'C'D' 



The fotctt P, Q,and R are also the stresses since the asgas of 
the faces over which they act respectively are of unit area. 
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The tensile stresses P, Q, and R produce longitudinal elongations 
In 'their own directions and lateral contractions In the other two 
perpendicular directions respectively. - - 

XT , r , . X7 ' Longitudinal stress 9 P 

Now Young's modulus. Y = SL _ . -i 

Longitudinal strain, e 

. Y * ji i ^ - Longitudinal stress 9 P 
. . Lofigitodinal strain^ e = ^ * 

But lateral contraction cr . (Longitudinal strain) 

P 

= er 4 1? = 1 . , (Art. 64) 

Thus a stress P acting along OX produces 

P 
a kmgitixlinal elongation = in the direction OX, 



Y 
A 



Q 




O 



R/A 



B 



Fig, 38 



JL 

a lateral contraction = <r . : . 

in the direction OY 

and a lateral contraction 

P 
= ..r _- In the direction .QZ. ' 

''SImilariy, a stros Q, acting 

along OY prsmi'uces a longltiidl- ' '' 

. Q 
nal elongation -^in the direc- 

tion OY and lateral contrac- 
tions equal to I ~| in each 
of the directions, OX and OZ. 

And, a stress R acting along OZ causes a longitudinal elongation 
R. 
-an the direction OZ and lateral contractions" eqoil to /> 

' ' ' " . ' \ -.''.Y. 

in each of the directions OX and OY, 
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(I* 

The by the action of P, Q,aad R may well be 

MMttefi is a tabular form as follows: 



Stew 



Strain produced in the directions 



ox 



or 



P acting along OX j 



Q, acting along OT \ y 



R acting along 



*rP 

1 "Y 

ft 

Y 

irR 

Y 



rP 

mourn 

Y 



R 

iiMmun i n iiiiMm 

Y 



Stresses P, Q.&R 
acting simttlta- 



P 
Y 



a 

Y 



mga Isdlcat^ that it is a coateactioa ) 
(a) Bulk modmlns, I: mwl Yoaug's modulus, Y 



If the itrases P, Q and R act simultaneously and if in 
i, they are equal to one another, Le., P = Q, = R, they 
produce a uniform dilatation and each side will be equal to 

P 



P 

^^HMMMl 

Y 



.'.The linar strain 



JP_ 

Y 



3P 



'ami. &e bulk strain ** { 1 2r ) from Art, 68. 

Thus if k ; is the bulk modulus of the material, 

?/ bulk strain. 



strain = 



P 



i.e., 



3P ( 1 - 2g ) 



stress, 



(1) 



(2) 



or YSi(] -2r), 



(3) 
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(b) Modulus of rigidity, n aml Yoiang ? s modulus, Y 

If only the stresses P and Q, act and if in addition, P is tensile 
and Q, is compressive (Le, P =* Q,) the resulting strain is a 
shear. If ft is the modulus of rigidity, 

T P 
n -* -a from Art* 67 .... .... (4) 

& 

or & ** '* * .* v^J 

2n 

Now the linear strain^ along the direction OX (when R = 0) a 



( 1 + 9) ... ... (6) 



Substituting fot e in (5) - ( 1 -f 

Y 



or Y - 2n ( 1 + O ... (7) 

(c) Other relatioBS 

From (3) and (7), we fcave 

Y = 3k ( 1 - 2<r ) and Y 2 ( 1 + <r) 
.-. 3* ( - 2<f ) * 2n( 1+ <r). 



Hence cr = - ...,/... ..,, . . . (8) 

Eliminating <r in (3) and (7), we get 



3* + n 

70. Tlieoretical limits of <7 

We have the equations Y = 2n ( 1 + 9 ) .... (1) 

and Y = 3* (l-2<r) .. (2) 

Since Y and n are positive, it follows from (1) that <r must be 
greater than 1. ' . ' .," ..:, ' - ^"^ . . . . . , .' 

Since, in addtion, fc is also positive, it is seen from (2) 
v cannot be greater than \ . 

Hence the theoretical limits for <r are 1 and |. 
Since <r also is positive, its value lies between Q a|id f . 
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The strains produced by the action of P 5 Q,and R may well be 

represented In a tabalar form, as follows: 



Strew 



Strata produced in the directions 



ox 



or 



P acting along OX \ 



rP 

Y 



Q, acting akmg OT j y 

i j 



R acting 



Q, 

Y 



R 

Y 



Sfeesies P a 

acting simulta- 
neously 



R 



f M %a iadkatts tbat it is a ooDtzaction } 

(a) Bulk laodales., I: asd Yceeg's modulus, Y 



If the strides P, Q, and R act rimultaneomlF and if In 

addition, they are equal to one another, i*e P = Q,,= R, they 
produce a uniform dilatation and each side will be equal to 



The linar strain 



P 



(1 - 2<rj 



3P 



and the bulk strain ~ ( 1 2<r ) from Art. 68. 



Thai if k is the talk modulus of the material, k .= stress, 
P/bulk strain, 



at bulk strain 



i.e., 



SP 



(1) 



(2) 



ELAs-ncmr 



(b) Mdla 0f rigidity, * mud Young's modulus, Y 

If only the stresses P and ft act and If In addition, P Is tensile 
and Q, is compressive {i.e., P - - ft) the resulting strain b a 
shear. If n is the modulus of rigidity, 

JL from Art. 67 ... .. (4) 



* =* 




2 

Now the linear strain, along the direction OX (when R = 0), 

JL - J 
Y 

P - - ... (6) 



Substituting fot * in (5) r ( I + 



or Y - 2 ( 1 + ^ ) .... 
(c) Other relatioas 

From (S) and (7), we feare 

Y = 3k ( 1 - 2r ) and Y 2 ( 1 + 



.... ^ (8) 

Eliminating 0" In (3) and (7), we get 

.... (9) 



t*** 



70. Theoratlcal Hmits of <r 

We have the equations Y = 2 ( 1 + ^ ) tM -. (1) 

andY = 3* (1 2<r) .... (2) 

Since Y and n are positive, it follows from (1) that ar must be 
gr^iter than L " : . . '. 

Since, '.'In addtion, k Is also positive, it is seen from (2) 
<r cannot be greater than J. 

Hence the theoretical limits for 9 are 1 and }. 

Since <r atei Is positive, tta value lies between Q apd f 
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71* in 

fa by an force la producing strain In any 

body, in the strain is stored up in the 

body as 

It caa be that the <fo* *r # w/iww in producing 

of an (incar or or bulk ) Is equal to [ | (stress ) X 



(a) : Let a force / act on a wire of length / 

and of of V and extend if by *. Work done in 



the by dx=* X - / X 

x 

:. for the whole extension *= J / X dx. 

Q 

If Y is Ac Young's modulus erf the of the wire 

* * 

s* Y. - or 



* 






f 

= J 





New the volume of .the wire = a. 

A Work done per unit volume = 

12 ./ 



\ / * \ 

J I T I = 



(b) Sfc^ Stimins Let a tamgential force / acting in the 
direction DC of a cube ABCD 9 shear it through an angle 0. 
.Let tbeadeBCs/aadGG' .**. 



js . ' ' . 

and shear strain^ = 

/ 



f ' Substituting for 0,, we have 



t 



a 






_ . _ 
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Work done to displace the layer AB by dx ** fdx. 
.*. Work done for the displacement x.-** 

x x 

I f.dx** l nlx.dx**nl 

Hence, work done per unit volume 

nix \ / x \ 

(r) 



* } ( stress ) X ( strain }. 

( c } Straits : Let a pressure P be applied uniformly all 

over a body of volume V and let v be the change in volume produced. 

v 

the stress applied = P and, strain =* * 

Work done to produce a small change in volume d v P . 

v 



Work done for the whole change = f P. 



dv 



P - 



IAT I J 

Work dosae 



C 

= 1 



o 
and wot k done per unit volume 



-- JL/tV VJ 

2 \ V / \V 



2V. V 

J.(stuess) X |straim). 



*Let ^ be the contraction produced aloag tfe edges of eaclt one of 
a unit cube when a uniform piissuie P fe^applled to the feses of 
the cube as in Fig. 38. Then the work done by the stress P in 

dircclioii of x axis = PX ; ;i . ' 

Similarly, work done in the direction f- j axis -Px * ; 
and work done in the direction of z axis 

**. The total work done 

But 3, *,=?*.<&, .'(^rt. 68) 
A The total work done * 
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Dcfermittfttioii of Ynag f s modulus 

Young's modulus of the material erf a wire may be determined 
bf directly .ineastiring the extension of the wire, produced by a given 



The apparatus used for this determination consists of two long 
of the same meterial suspended side by side from the same 
rapport One of the wires, G, which is a comparison wire, carries a 
constant load at its lower end sufficient to keep it taut* The other, 
Ac exfKsrinicntal wire, E, carries a weight hanger, M, ai its lower end 
on weights can be. pet. The extension is measured by a scale, 

S and a vamfct V. One of the wires, usually the comparison wire, 
carries tic scale and Ac other, tibe vernier. By suspending the two 
wires from tie same support, ife mm ^ fe ie yielding of the swpp&rt 

mat Ai m Umpera&m an dmimted* 

A sufficient dead load (j) must be put on the 
hangar to keep the experimental wire also tauL 

___ ? 

The extension of a wire, on the first loading or 
unloading after an interval of time, is not usually 
the same as that for subsequent loadings, The win 
mil k&m to be folded and wdwded a number of times to 
gtt it into Q stm^ $Me 

The wtee is titeefere' kdcd and unloaded a 
nmbev. of 'times in -equal atepp c*f 00 gm, up to the 

mmximmm load to be owdl fa, the s^offanoat. 

Siting with the dead load akme, the reading of 

Hie ironler on the scale Is read. Thai the load on 
tie hanger fa increased fa steps of 500 gm. up to a 
of 3*5 kg, and the corresponding readings 




vernier for each toad ate observed, 

After the maximum toad of S5 kg. is reached, Ac wire is 
unloaded by the wise step of 500 gm. each time and the correspond. 

readings of the cornier are noted. The average of the two 
for each toad one obtained while die toad is increased and 
'Ac while the load is decreased fe faken and the extension 

load calculated. ' ' " < , , 



The results arc tabulated thus : 



Serial | Load on 
Ho. the wire 


Vernier reading 


mm m mimimm 

Mean 


Extension 


Extension 
for 
2 kg, (M) 


Load 
Increasing 


Load 
decreasing 


I 


m 


c' 


" 








2 


m + 500 


1 





a 


a a 




3 


m + 1000 


*I 


On 


b 


*^ ^^0 




4 


m + 1500 


1 


GQ 


c 


-. 




5 


m + 2000 


rf, 


** 


d 


^ a. 


<*-* 


6 


m + 2500 


1 


a 


e 


<-** 


e a 


7 


m + 3000 


/I 


/ 


f 


/-. 


f-b 


8 


m + 3500 


ft- 


* 


g 


5 ~ fl 


g C 



The extension ( I ) for the load, M ( = 2 kg. ) Is calculated by 
obtaining the differences ( d a }, (e fl ), (/ b ), (^ ,O and 
taMng their mean. 

Removing the load entirely {excepting the dead load), the mean 
diameter (2r) and the length (L) of the experimental wire art 

measured. 

Young's modulus of the material of the wire is then calculated 

from the relation 

V tge Mgl*Rr* _ MgL 

~~ strain . a * I /L ""' ^rH " 

A graph between load and extension is plotted. The graph will 

be a straight line in accordance with Hooke's law. 

73. There are also several other alternative methods of 

measuring the extension. 

(i) In the Searle's extensometer (Fig. 40) a spirit level in 
combination with a micrometer screw is used. One end of the 
spirit level is supported on a frame hanging from the comparison wire 
and the other end on the tip of a micrometer screw which is fitted 
to another frame suspended from the experimental wire* The 




two frames are connected by pivoted rods so 
that they remain in 'position parallel to one 

another during the experiment. 

When the experimental wire is loaded, 
the end of the spirit level supported on the 
micrometer screw is lowered in position, and 
the bubble of the spirit level moves to the 
other side. Tke screw is w&fked so as 

10 tim bMle moms back to 

Ae anfoal The readings of the 

micrometer screw give the length by which 
icrew has been moved upwards, and 
also the length by 'which the ex- 
perimental wire is extended due to loading. 

(3) An optical lever may also be used instead of the spirit level 
aad micrometer screw for measuring extension. The optical lever 

t consists of a small rectangular strip of metal 

^rl ' ^^ 

^_ S ^ ly S which is supported on two. legs L and M 
L 1fw N . Qm QJ^ gjj e ajHJ. onc | C g j$ OE t | ie other, 

Fig. 41 'the pointed ends of -the legs forming an 

isosceles triangle, A small plane mirror is mounted vertically on 
the strip, parallel to the plane of the two legs L and M at one 

end. The two legs 
rest on the frame 
banging ftom the 
comparison wire 
and the leg N rests 
on the frame hang, 
ing from the experi- 
mental wire. When 
this frame Is lower- 
ed due to loading in 
the experiment, the 
point of the leg N 
i lowered in poffi~> 




tto*,(*> 

uaie 



my) and conseqiientlf the optical lever and the mirroi on 
If the angle of the tilt be 0, ,and if the distance of 



from the midpoint K of LM be 4 (Fig. 43), the extension, e 




It. 
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Extension e = 



For measuring 0, a scale 
and a reading telescope are 
used. A millimetre scale is 
supported erdcally in -front 
of the mirror at a distance, ^ 
D, of about a metre .and 
its image in the plane mirror 
is seen through the reading 
telescope, T, which is fixed 
by the side of the scale. The readings which coincide with the 
horizontal cross-wire before and after loading are observed. If the 
difference between the two readings is x, and the distance between 
the mirror and the scale Is D, the angle through which the reflected 
beam turns Is equal to 2 .0 and ' ' ;- 

2 X D ~* ot -~ (Hg.4S) 

= iz' 

2D" 
TOHSION. 

74. A cylindrical wire (or rod) is said to be under trIo 
when il is fixed at one end and twisted about its axis by means of a 
couple applied at the other end. If such a wire is considered to be 
divided into a number of thin, coaxial cylindrical layers, each one of 

them undergoes a sheai as can be easily seen below* 

Let a cylindrical wire having a length I and 
radius of crois-section *a* be fixed at its upper 

end and twisted about its axis by means of a 

couple applied at its lower end. 

Consider a coaxial cylindrical layer of radius 
r and thickness dr within, .. the ...cylinder. Let a 
vertical line CD (Fig, 44) be drawn parallel 
to its axis before twisting. If now the cylindri- 
cal layer is cut open along CD and spread out, 
it will be a rectangle, CDML (Fig. 45). But 
when the twist h applied 3 the line CD occupies 
the position GE If the cylindrical layer is 





Fig* 44 



i*: 



Shear 

. oncar 



open. GE and spread out, it will be a parallelogram 

Obvious!?* this is a ease of shear and the shear strain 

DOE =* DE / ! 

Bat DE-QE. Q = r.0 (Fig. 46) 

(0 being' the -angle of twist on the lower end) 

DE = i 

When the wire is twisted, each circular 
qf the is rotated about its axis 
fy .proportional, to its distance from 

the Jmd $nd am! tkus 9 the twist pet unit 

'..JL'..- 

i ' 



fe ' : -M N distance fern., the... fixed end = 
Fig* 45. . . .. :: -.. 

If n is the modiihis of rigidity of the material of the wire, 

shearing stress shearing stress, S 




n 



shearing strain 



f 



":. .8- n ., : = * r from (I) 

Bat the shearing stress, S : 

_ sheafing force, / 



(2) 



Fig. 46 



area on which the force acts * 



: .\ JSjeaiii^'foroe, /= S.X' area oa'. which /acts. ' 

The area wet which the shearing force /acts is the area of the 

annular strip between the circle of radii r and r + dr. ' ' ' :: 

. Arot of the strip = ^ ( r + rfr ) wr s 
27t^ * dr approximatdy. 

Hence tte A^rfng force/ = S X 2^r ... rfr. 

, ;.. !: : : '''' 

XZnrdf _ .? _, , ^ 

the force, / about the axis of the cyUndrical 

d r v * _ 2 ^ w 



Moment 
kyo? * / X OE 



X 



I 



(4) 
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Tic modules of rigidity of the material of the wire can thus 

be the above relation* 

(bj Static Tersfen apparatus : Horizontal pattern 

The horizontal pattern' described below Is commonly used in 
the laboratories for the measurement of the rigidity modulus ( n } 
of any material supplied in the form of a rod. 

The experimental rod ( usually of length 50 cm. and of diameter 
CWi cm* ) fa secured irmly at one end A and fitted into the axle of 

a wheel W at the 
other end B. The 
wheel is provided 
with a grooved edge 
over which passes a 
tape, in clockwise 
or in anti-clockwise 
direction, carrying . a 
weight, hanget at its 
free end. Two vertical 
pointers, P x and P a 
clamped at two points 
Q, and R on the rod, 
Fsg * 48 move over two circu- 

lar scales S^ and S s respectively. The scales are marked in degrees 
with centre zero. 

' ' 

The tape is wound over the wheel, say, in clockwise direction 
and the weight hanger of known mass suspended from its free end. 
Hie pointers P x and P t are clamped at convenient distances, / x cm. 

and I 3 cm, from the ixed end A of the rod. The pointers are 
Wtklf adjusted to read zero on the scales respectively, when no 
we%its are put 'cm the hanger. The load oni the hanger is increased 
In step of 208 gm. at a time m a maximum of SOCX^gm. The p<^idcs 

of tie pointers P 1 and P 2 on the scales are noted after each addition 
of the foacl The load fe then reduced in the same steps of 200 gm. 

and tie corresponding leadings on the two scales respectively are 

&r' ,. | J|j, ^f W 

again for every |oa4* 




M 
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The tape Is next wound .over the wheel in anti-cfockwise 
tabu so as to apply the twisting couple in the opposite direction* The 
experiment Is, repeated and the readings 'on the scales,- when the load 

is Increased and also when the load is, decreased, 'are- noted as before- 

The average of the four readings obtained for each load and fot 

each scale is calculated. Thea the mean twists a,^ and a 2 (in degrees) 
undergone by the rod at the points Q, and R for a load of 100 gin, 

are alto calculated* 

The observations are tabulated thus : 



Load 


Reading on S-^ 


Mean 


Twist 


Twist C*! 
for 
looo gm. 


Gockwise ' 


An ti- clockwise 


Load 
increasing 


Load 
decreasing 


Load Load 

increasing decreasing 

; ' 



















The observations 'from : the .second scale are also similarly 

tabulated and the mean value c& 2 for the same load calculated. 

If a load M gm* is suspended from the free end of the tape, th 

twisting couple = Mg.r ' ' 



fM . 



{ r being the radius of the wheel ). 

If this couple twists the rod through an angle Q (in radian^], at 
a point distant I from the fixed end, the restoring couple devpfoped 

(2) 



inside the rod 







Hie restoring coupl balances the twisting couple 

*i?n& ^ !, 2 MS * FI ' . , -^ 

~-2T0 * - -35- - ( 3 > 



If now n 1 and n 2 are the twists produced in degrees 

points on the rod which are l x and I 2 em. respectively from 

end A of the rod s then 

180 ' - ' ' : '-: 



two 



n 






as* 
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f v gj la ~J In radians ] 

\ . , ' ' loll .. / 



X 



f 

\ 



Y ' a* in degrees - in radians 



of 



measuring the distances i t and / a (of the pointers P x and 
F t fc tie fixed- aid of the tod A ), 2 ( the diameter of the rod ) 
and 2r | Ac diameter of die wise! }, the modulus of rigidity, , of 

the material of tiie red am be calculated. 

The value 20 should be accurately measured since V occurs in 
the fourth power in the i elation used* 

It may be noted that the mm AM Jo ft* slipping of the ends A or 

M y If any , fa ^minated by taking tlie ratio 2 *- instead of :^ 2 ' 

. ' * 01 % 

'.jC%lp ,jiim.T. ,_^IIUJIL ^BTJili T iTI 1 ^'^ 1 ' jf^'SlL 1' i^*S'5 'Iij5i : iE^^ni''Vl i ^SE 

! 

Similarly, *&* TW diu ta the eceaitrieity of the wheel, if any, is 
applyteg tfie coupk m both clockwise and anti-clockwise 
i taMag the average of the readings for each load. 

7. Dynamical method of Determining ' n> ; Torsion 



The torsion pendulum consists of a heavy body suspended from 
afbripofatbym^ofaivim When the body !s turned through 
n angk about the wire as the axis, the wfce Ss twbtedandthe torrfonal 
couple, taou^t Into action, sets the body in oscfflation In the horizontal 
plane. The body is then said to execute torrional OMBbtfm. 

When, ID its osdHation, the twist on the lower end of the wire 
is 0, the restoring couple = -""^-Q = c. g. 
( being the couple per unit twfat. } 

If I fa the en t of Inertia of the body, the angula, acceleration 



of the system = 



tx>uple acting on the ' system 



moment of inertia 

It is seen further that the acceleration 
is directed towards the position of -.equi- 
librium* ; : 



(from Art. 19). 



m 
* 



_, A 
I U 



w 



.*. The body has Simple Harmonic 
Motion and the period, T is given by A 

relation T = 



But c = 





Fig. 



21 



T 

j. 




or n 



Hence T 2 = 



The modulus of rigidity, , of a wire can be determined by 

suspending a body of known moment of inertia from it and making 
it perform foisional oscillations* The period of oscillation ".T ...i 
determined and the length (I) and the radius of cross-section, a, of 
the wire are measured. Care i$ exercised in measuring V since it omirs 

in the fourth power. , , 

I, the moment of inertia of the body, is -calculated from its mass 

and its dimensions*..,. ; . .. 

If the body is in the fotm of a cylindrical bar, its moment erf 

(I 2 r * \ 
+-7- I* I bring its length and r tifcw radius of 

cross-sect! on .; and if it is in Ae form of a disc or a cylinder of 



radius r having its axis parallel to the axis of rotation, I = 

Substituting the different values in the expression^ 
the modulus of rigidity, n, is calculated. 



OHA?, 



77. Pof the body In this experiment 

may be in the of a on which can be fixed two 

cylindrical at any The experiment fa 

the at , rfj on either side of 

tite centre of tic rod. The Tj Is determined. 

If I fa the of of the rod alone, . 

m the of each of the and -' 

t o the moment of inertia' of each about a parallel axis 

through its of gravity,' the moment of Inertia of the 

whole -- . 

* i == *|i T *$}i "T" **T| r *fj * ***** ! s=Ei *0 "T" **0 "T" $i<*i \*J 

If Tj is the period of oscillation we have 

T a - 



T 

JL-v 



(2) 




The weights are now shifted to a distance 
i?2 from the centre of the rod and : the 
corresponding period T 2 of the tontonal 

oscillation is ^galn determined. 
How, I 



and T 







(4) 



From (2) and (4) we get 



4HF% 41& 

1 t """ 



** 



or = 



Using this relation, the value of n can be determined accurately. 

71. Hie value for V measured from statical expet iments will 
be tower than that obtained from dynamical experiment 

is due to- the feet that the twist in statical experiments increases 
a little with time wHle in the dynamical experiments the time allowed 
fa, and no fielding of this type is produced, 

7i. <rf f m bmiy by f srsiomal scitlmttems 

, The period T x of the toraional pendulum with a body of known 

moment of iaerda I fa determinedL 



CD 



The given body is then attached to the body used above and 

the period of oscillation T a is again determined. 

If I is the moment of inertia of the given body, we have 



From (!) and (2) we get 



T * 2 - 

or 



- 

*I *3 

The moment of Inertia of the given body, is thus calculated 

using this relation* 

tt. . Tea-aim BataBM . ' ' _''.'..'....'. ....... ........ , 

It may be sometimes convenient to measure a force by making 
it twbt a wire and determining the angle of twist produced. An 
arrangement in which a forct is measured in this manner Is called 
a toraiam balance. This method was employed fey Cavendish for 
determining the force of Gravitational attraction between two 
bodies ^ wiH be explained under *Gwrftatim*. 

It was also employed by Coulomb to verify Inverse square law 
In Electro-statics. 



SL Bending f ' Buaia , ~ : '' -- s 

A beam is a body of unllbrm eross-aectiom, tka kngli of 
which is wry large compared to Its thickness. When auch...a beam 
fa ixed at one end A and loaded at the other end B, it is called 



a omtilever, AB of n^l^lble wc^ht, carry a 
W at the free end B. Since the beam is In equilibrium a force of 
reaction, R ( W ) wDl develop at A and It acts upwards. These 
two forces W and R bring equal In magnitude and opposite In 
direction, form a couple. This couple Is ^spoiidUe Ibf the 



CHAP, 




of the beam, Hie of b.lfo plane in 

and the bending ' couple acts in this plane. In 

the case^ Illustrated In Fig, 51, 
the plane of the paper Is the plane 
of bending* 

Now, the force R acts at A, 
parallel to the cross-sections of the 
beam and It tends to sheaf the 
bean across the cross-section. Not 
only does a shearing force act 
at A in this manner but shearing 
51 forces act ato parallel to every 

dews-section of the beam. For, If the eqtilHbrmm of any part 
BG of the beam ia considered, there should necessarily .be a 

force R = W acting varticaHy up- 
wards at C in order . to balance the 
force W acting at B ( Fig. 52 } . 

TaMiig tie eqiillbrfiim of BG Into 
eojefatloii f . It .Ip seen that the 
Fig... 52 forces Wat' Band R at C will not 

be able to maintain the equilibrium of BG since 
lief a couple* the moment, of which Is equal to W X BC* 

Pot equffihrfttm, the external bending moment ( W X BG ) 
must IKS balanced by an equal and opposite bending moment. 
Has balancing bending moment Is provided by the elastic reactions 
brought into play 'within the material of the beam and Is called 

infernal bendisg moment* 



**W**MW-! ** * * ** * 



.6 

E 



W 



a beam Is boat as in Fig, 52, longimdiiaal filaments in the 
part of Ae beam are lengthened and those In the lower part 
ue Aofftaaed. There must abo, th'Oreforc, te some filainaits 
'iewlicre betweeai the upper and lowet parts of the beam which are 
elongated nor compiesie*! but retain their Initial length. All 
inch filaments He in a surface called the neutral surface. When the 
beam is sot strained, the neutral surface Is a plane surface. The plane 
is perpendicular to the neutral surface and the longitudinal 
surface fa called the neutral axis, The neutral axis 
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1 



passes through the centres of all the cross-sections of the beam. Thus, 
if DE Is the neutral axis of a bent beam AB, the longitudinal 
filament along the neutral axis, DE, retains its initial length; filaments 

above DE are elongated while those below DE ate compi esscd. It 
Is obvious from the figure that the length of any filament increases or 
decreases in propor&m to iU distance away from the mutral @xi$ 9 DE, 

Coming back to the part BG of the beam 3 the filaments In BG 
above FE are elongated and should therefore be subjected to pulling 
forces as shown in Fig, 52 which tend to elongate them. The filaments 
below FE are shortened and should therefore be subjected to pushing 
forces tending to compress them. If we assume that the pulling and 
pushing forces are proportional to the distances at which they act 
from the neutral surface, it follows that the poshing and pulling 
forces form pairs of forces having equal values and each pair fof ms 
a couple. It is also seen that the moments of these couples are 
opposite to the external bending moment. The resultant of the 
moments of all these internal couples is called the internal bending 
msment and it is equal to the external bending moment since the 
beam is in equilibrium. 



82. Internal beading 

Let KM and UK lie the traces of twio cross-sections of a bent 
beam which .are near each other and 
perpendicular to' the neutral surface PQ,. 
Filaments above PQ are elongated while 
those below PQ, are compressed but the 
llament PQ, remains unchanged in length. 
The normal length of all the filaments 
before strain is therefore given by PQ,. 

Produce KM and LN to meet at 
O, the centre of curvature of PQ, 

Let R be the radius of curvature of PQ 
and tfa angle subtended bf it at O so . 

*fior 53 




Now, 
Z 



coaldef asf.; other filament UV close to PQ, and .at a 

'" ' ' 






UV = GU X = ( OP + PU-) 

= (R+ Z)0 ... ... (2) 

Since the normal length of all the filaments Is the same and equal 

to PQ,* the extension suffered by the filament UV Is equal to 



UV PO 
.". Longitudinal strata suffered by BV*a - __2Si 



R0 R 

If F is the magnitude of the tensile force acting on the filament, 
UV, and a, the area of cross-section of the filament, 



W W i m 

tie tensile stress = and 4 Y. 

a . Z/R 

( where Y is the Young's modulus of the material of the bar. ) 
==~~* d* 



Hie moment of F about a line passing through P and perpcn- 
to the plane of the paper, i. e., about a HneGH perpendicular 

to the plane of bending and passing 
through the centre of the cross-section 



o 

z 



H of the 

= F X Z 



The internal bending moment 'is equal to 1 the sum of the moments 
al such forces 'as W ( aboire and below the neutral surface ) acting 

on different filaments. .. . . 

Y Y 

.". Internal bendfnsr moment = S . Z 2 - ^ ** Z 

CJ i I V% : r*L 'f^J ^^ ^""^ 

The quantity Jg ciZ^ is called the geometrical moment 
01 inertia of the cross-section of the bar about a line GH (passing 
tiiroi^i die csentre of the crosawsecdcHi of the bar and perpendicular 
to the pkne erf beinling ) and written as equal to AK 2 , 

{ A being the area of cross-section of the bar and K the radius 
of gyration of Ac beam about the said axis ) 

YA.K.SJ '' ' ' YT ' 

A Internal leading moment *^^ *^ 



93 



( I being the geometrical moment of Inertia 

Thus when any beam AB is fixed at A and loaded with a weight 
W at B, any part of It, BC (Fig. 52) is In equilibrium under the 
external bending moment ( = W X BG ) and the internal bending 



moment 

\ * / 

.-. W X BC - . 

K. 

The external bending moment required to produce unit radius 
of curvature is called the flexural rigidity of the bar and it is 
equal to YL 

[ Geometrical moment of Inertia for a bar of 
(1) rectangular cross-section == bd* / 12 
b being the breadth and d the thickness of the bar and 

(2) circular cross-section * - 

4 

r being the radius of cross-section of the bar ] 
83. General expression for the radius of curvature, R 

Let OMN be a curve having a large radius of curvature and 
let M and N be two points on it which are very close together. 

Draw OQ,* MS and NT tangents 
at O, M and N respectively. 

Draw MG and NO, perpendi- 
cular to the tangents at M and N 
respectively to meet at C* Then 
MC NC R, where R Is the 
radius of curvature of MN. 

Since R Is large, 

RX ZMCN-MN ... (I) 

But ZMCN = Slope of the 
tangcait at M - Slope of the 

at M 




\ 
I 
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( 



al M - 4- at N 
ex. 



MN 



(2) 



If HP NQ, arc drawn perpendiculars to OQ, then 
BB PQ approximatdf . 

* 



at M 



atN 



and 






PQ = 



j 



at M -- at N 



PQ,. 



1 

.... mimr 

R 



at M - ^~ 



^ 



at M I since -f is small 
\ ax 



) 



of tlie loaded and of a cantilever 

Let OA be a cantilever of length I and of negligible mas 
at O and loaded, with. a. we%ht W ( *r'mg) at A.. Let OX 
and OY be diosen. as axes along and perpendicular to OA', the 



..*..,... & . 





W 



unstrained position of the beam. 

Consider any point B on the 
neutral axis having the co-ordinates 
( x 9 y .). The load W at A gives rise 
to a force of reaction W at B so that 
the external bending moment = 
WXAB = W(1-AO ... (I) 

This external moment is balanced 
by an Internal bending moment 



YI 



ml B-.wfakii is equal to - as shown In Art. 82, (where R is the. 

' 



of curvature at B.) 

YI 
R 



so that 



(2) 



R dsfl 



YL 



9 



(la) 



"Bj integrating this equation with respect to *, we get 

YI * _ W / ^4-Uc, - - (2) 

2 



j being the constant of integration). 
To find the value of C 19 we note that at O (Le., at #=0) 

5L.O, Substituting these values in equation (2) we get G^CL 



2 
Integrating equation (3) with respect to #, once again, we 

(|~2 v3 
^ --- 6 

( C 2 being the constant erf Integration now. ) 
In order to End G 3 , we agaim note that at O, (Le., at # = 0) 

' ' ' 



Substituting in {4} we get C 2 

W 

= W 



'jiy 

= YI \ 2 6 
Thus the depression Tat any point B, distant x from 'O'^ is 
given by the equation, (5). The depression of the free end of 
the beam, A may now be found. 
9 at Aj we have x=*l 
W 



3YI 

i 

* ^F ^ . _ 

JL - _ ~- " , - ,. 

3 li 
ession at the mid-poiat 



.let a beam AB be supported on two knife-edges G aod'fi nea f 

Its ends and loaded -at '-a. point E^ wiMi Is the mid-point of CD, 

The load M# (say) at E gives rise Mg /2 ^^ 

to forces of reaction, 




atCand^atD. 
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It maf be noticed that the part of the beam at E is horizontal 
so that each half of the beam may be considered as a cantilever 

damped at E sad displaced upwards by a force, - at G (or D). 

The relative elevation V of the points C or D over E may foe 
obtained by substituting in equation {6} above. 



Ja 

W = s and I - , L being the length of the beam between 

the kntfb-edgeB. 

A Bqesslon' of E = 'Relative elevation, ^ of C or D over E 



SYI 48YI 




. Mfl* 31 * 

,. f = E , And V = 

48 YI 
QUfiNnBi bending of a beam : Statical Method 

Let a beam AB be supported symmetfi- 

tfV W 11 *' ' '' 

* ' . i catty on two knife-edges G and D, at the 

# 

same leveL It is loaded symmetrically 
B with equal weights, (W, W) beyond the 
knife-edges, at A and B 9 so that AC = BD. 

* 

w The reactions on the knife-edges will 

m m 5 t ^ len ^ W and W acting ver tically upwards 

at G and D. 

Gsldert!ig a point E on the beam, the forces W at A and W at 
ents at E which are f^pectively equal to (WXlUE) and 
The net moment of these forces wMch is the external 
on the pan AE of the bat. 

AE W- CE==W. AC. 
(where 



be balanced by the resultant moments of the forces 
which act aero the eross-seetfon at E, i.e., the internal bending 

moment. , ^ 5 

lie Mtort moment ~ .... f2) 

R, ^ ' 

A ** 

/ ^ 
f 



**** 



Since for a given load> Vf 9 Y 9 p and I are constant, R must also 
be constant ; !.e , the beam Is bent uniformly so that CD forms an arc 
of a circle of radius R. 

If V is the elevation of the mid-point of CD 
above its normal position, and I is the length 
of the beam between the knife-edges G and D, - 




/ i \ 
we have, * (2R - ) = f 1 



a I . R: : 







or 2 R<? (neglecting 2 since 
e is very small compared to 1) 



X 






1 
Substituting for -=r- in equation (3), we have 



YL 

or ^ . 



87, Oscillations of a loaded l$ar 

Let OA be a cantilever of negligible mass fixed at and loaded 
by a weight W at A. It has already been shown in Art. 84 that, in 
such a cantilever, the loaded end is lowered by an amount, e given 

% the relation, ' ' ' . ""' : '- 

' - -' ' : 

Y 
**"^ 1 * ^_- . 

3 

where W is the force acting vertically downwards. 

3YI 

- _ m . /t\ 

" |. t * ,. * .* ,,. ., *a* , 111 

If the beam Is now set in oscillations, the loaded end A moves 

up and down about A. If- at any 

. . ".-'. .. ** 

Instant in its oscillation, the depression 

of the loaded end A Is y from the 
normal portion, the force F acting on 

the beam h given by the relation, 

SYI 
F = -~^y . 

Work needed for a further depression, dy 




11 * 
* * 
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done in depressing the end A by y from its rest 

y ' . : ' ' . . - ' - ' - 

3YI 



IB 

t ' ' ' . ' " 

The work o spent Is stored up in the beam as potential energy, 
.*. The potential energy of the beam when the depression of 

OX7*T ' 

the bailed end is *y* = -j^ . ~ ... (4) 

If * is the total masi suspended at A, the kinetic energy of 

A \ a 

i ) 

{ mass of the beam being negligible )' 

Applying the principle of conservation of energy, 

(Ay \* 3YI 

~4r 1 + i -75- - f* * constant ... (6) 

fAifc IE L '" 
. r / . . 

On dliorentiating equation (6) with respect to time, 



the bttfflti In Its orallaticm = -=- m 



3YI 



Tbit ^nation ^ows that the oscillations of the beam are 
Mmple harmonic and its period of oscillation T is given by the 

relation, .. , .. . ,- : -., . ., , ... ' : . . .. ..... . . 




/*& 
V 3YI * 



If, however, the mass of the beam is not negligible, ft can be 
that the period T is given by the relation, 




T* s 

( M, "bdiig tite mass of the beam. ) 

DETERMINATION OF 

IE experiments on the idetemdnation of Y by the bemling of 

m? if fe mmmimt t& n|* bmm$ &/ mtwgufar cross^sctfon 9 ahkmgk 
ff firmer lmss*ue&0k mey at$& 6* used. , . .' . - ~ * ' 
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bending : Double Cantilever 

A beam AB of rectangular cross-section is "supported on two 
knife-edges G and D in a horizontal level ( Fig. 57 ). A weight 
bangci { of weight, w gm. ) is suspended by means of a loop of 
thread from the point E on the beam exactly midway between 
the knife-edges. To obtain the depression of E on loading, a pin 
is fixed vertically by some wax at E and a travelling microscope, 
provided with vertical traverse* is focussed on the pin. The microscope 
is adjusted so that the horizontal cross-wire coincides with the tip 
of the pin and the reading on the vertical scale of the travelling 
microscope is noted. 

The load on the beam is then Increased by adding weights on 
the hanger in equal steps of 500 gm op to a maximum of 3,500 gm 
Hie microscope is adjusted each time to make the horizontal cross* 
wife coincide with Ae tip of the pin and the reading on the vertical 
scale is noted in each case. Similarly, reading! are obtained when 
the >fead Is decreased also in equal steps of 500 gm. 

The results are tabulated as follows : 



6 

* 

ta 


Load 
is gm. 


Readings on the scale 


Depression 


Depression 
for 

2OOO gXp f 


Load 
increasing 


Load 

deqreaaing 


F 

Mean 


I 
2 


(w + 500) 






a 
b 


b-a 




3 


({*>+ 1000) 






e 


c~a 


/a 


4 


(to +1500) 






d 


d-* 


g-b 


5 


(w+2000) 






f 


f-a 


h-c 


6 


(0+2500) 






g 


""yi-"/"'- 


i-d 


7 


(ai+3000) 






k 


ha 




8 


" + """ 




m^^n^^nu,^ i. -^- ^__. 


* 


I- a 
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The mean * * f . . of the mid-point E . (Fig. 57) for a 

foacl of M gm. { siy 2,CKK) gm* ) is calculated by taking the averse 
of tie values In the last column. 

Hie breadth of the beam i Is measured with a slide calipers*. 
The thickness Is measured at different points of the beam with a screw 
gauge and the average thickness,' 4 obtained. The geometrical 
moment of inertia I is then calculated from the relation, 



The length of the beam (L) between the knife-edges Is also 

measured. Young's modulus of the material of the bar is then 

WI S 



481* 4bd*e 

A graph may also be plotted between the load ( on the 
and depression { on the x-axh }. It will be a straight line. The 

depression, *, for any load M may be read off from the graph and Y 
calculated by substituting the value In the above expression* 

89. Single thadtarer . . ; . , ' 

... V of the material of the beam can also be found by using 
it as a single cantilever. Hie beam,, for this purpose, is fixed at 
one end A and loaded at the other end B. The experiment may 
he. conducted as described above and Y calculated from the 

^don Y = 4M *" 



. Gradient method 

From equation 3 In Art. 84 we law, 

A' v YT 

ft JL Z 

A 




<fa YI 

When x * 1 9 (l. e ., at tie firee end of 
the bar) 
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Now since 



. 

dx 



a=s tan ( where Q is the angle which 



tangent, drawn to the bent bar at its free end, makes with tie 
horizontal ) and since is small 
dy Wl 2 



tan =0 



(2) 



To determine 0, a mirror strip is attached to the bar abavfe the 
point where the load is suspended and the angle through wbiel the 
mirror turns { = ) is determined using a scale and a reading teleHcofe. 
A millimetre scale is supported vertically at a distance (D) of aftotff a 
metre and its image in the plane mirror is seen through the reading 
telescope which is fixed by the side of the scale. 




The reading on the scale which coincides with the horizontal 
cross-wire is taken before the bar is loaded. The bar is then loaflted 
and the -reading is again taken. 

If x is the difference between the two leadings 







(vWe Art. 73). 



Thus using the f elation (2), the Young's modulus of the material 

of the beam is calculated. , 

.91* Cirffom beading : , ; 

The given beam of rectangular cross-section AB is suppti%d 
on two knife-edges G and D (Fig. 58). Two Wiifpit 
hangers of equal weight are hung from the ends of the beam (or from 
points on the bar at equal distances from the ends). The bad ** the 
Is inwsased <*f decreased equally. A vertical pin is arrMipd 
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at die nrid-pol&t of the beam and a trawling microscope focussed 
on the tip of the pin. 

'The -experiment Is conducted as In the above experiment (1) by 

the load on the two hangers equally in steps of 500' gin. 

up to a"maximiim of 3,500 gin. and then decreasing them equally 

in the steps. The microscope In each case Is focussed against 

the tip of the pin and the reading on the vertical scale is taken. The 

are tabulated as ia experiment (I) and the mean value 
of the ft) for a load of m gm. ( say 2,00 gin. ) is 'Obtained* 

The length of the beam I between the knife-edges-, p 9 the distance 

of the point whore the weight is suspended from the near knife-edge, 
b the breadth I the thickness of the beam are measured as before. 

Young's modulus of the material of the beam is calculated from 
the relation 

v ' 

* 
2. Osdllatloms 0f m Cantilever 

The given bar AB of mass M,' ii fixed rigidly at A. A certain 

kd of at z gm- is then suspended from the end B* The beam is set 
in transverse oscillations and the time for 25 oscillations is obtained 
twice. Hie Biean period of oscillation T a is calculated from' the mean. 

of two 'obicrvatloas. 

of the material of the beam* Y is then calcu- 



laied from ti rdatioa 




To eliminate *M* from the expression, the period of oscillation 
of the beam T, is obtained when it is loaded with a weight of m 2 gm. 

33 
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ifts 



From (1) and (2), 

Y . 



W ^^^^ .^ *nM ^ 

f f 1 rf> * 1 1 H; 

T 2 2 AI 

*Y* Is calculated using this exprision, 
93. Detenniaation of T, n Midi tr witli Seairle* apparatus 

(i) DctcvminAtioB of Y : Uniform bending Dynamic method. 

Searle's apparatus consists of two exactly similar brass rods AB 
and GD. A wire of length I (about 30 cm.) is rigidly fixed to the 
rods by means of screws at their centres E and F respectively. The 






Fig, 63 Fig, 64 

rods are then suipended by two parallel strings so that they He In the 
same horizontal plane and the wire is, straight when the rods' are 

parallel to each other, ' . . . . . . . 

The ends A and G of the rods are drawn together a little, thus 

forcing the wire to bend into an arc of a circle. If now the rods are 
released, they begin to oscillate on account of the couple exerted on 
them by the bent wire. Since the bending moment is uniform 
throughout, the wire will be in the form of an arc of a circle at any 
instant. .. . ... , , ... , ;: : 

If at any instamt in Its oscillation, the rod AB or CD mafces ap 
angle with its position of rest and the wire beiat the moment -beat 
into an arc of a circle of radius, R, the bending moment due to the 

YI '. ' ' ' . . . "' ' : ' : ' :: ' 

wire = -(where Y is the Young's modulus of the material of the 

tv .- . 

wire and I, the geometrical moment of Inertia of the cross*sectlon of 
wire)'. ' . ..... - , .- . :: . \ '. ' ... ' " "'" ' ..... '''- . .' t . .. ' ; 

9 



Now, 



= or 



2 



of inertia of a wire 



a* !SL Ic I = 5 (V being the radius of cross-section of 
4 " * 4 

the wbr.) 

Y** 4 A 

A The moment = . = 0. 

( * being the' couple per unit angular displacement. ) 

couple* which is propcstioiial to tends to restore either rod 
to typ equilibrium position. Hence the motion is simple harmonic and 
the period of oscllatloii, T (of either rod AB or CD } 




( whore I is the moment of inertia of either rod. ) 

or 





v 
" Y 



tie period of oscillation T .of the rod, AB (or CD), 
the Yeng*s modules of the material of the wire, Y, can be obtained* 

fit) Detent in leatlen of , V : The rod AB is fixed in a 

clamp so sfaat the other rod CD and the wke EF form a torsion 
pendulum ( Fig. 64 ). Mow, by 'Setting the rod CD in - totsionai 

oscillations and determining its period .erf oscillation, T 15 the modulus 



of rigidity of the wire, m .is : deterailBed ficm. 'the, 

8*11 . . . '>% 

* \~*i 



f 9i The three constants Y, n and 

for any material are related to one anotber by the relation, 
Y*=2f* (1 + 9) (Art* 69), 



Sobstitutiiig for Y and n in (S), we get 

' - 

2T 



.(_L 

V 2 



DeUrmining T and T x experimentally, !s calculated. 



I -FORM GIRDERS 

4. A girder supported at its two ends as on the opposite 
walls of a room, beads under its own weight and, or, under the 
load placed above it. The mid-point of the beam is consequently 
depressed. 

A Mttie consideration of the deformation produced in the girder 

shows that the parts of the beam, above die neutral surface, contract 
wMk those below the neutral surface extend. The strain of compression 
or extension in any part is proportional to' its distance 
from the neutral surface. The stresses on the different 
parts of the beam are, therefore, not equal but vary 
from a minimum value at the neutral surface to a 
maximum value at the top and bottom. This suggests 
that for any given area of cross-section, it would be more 

economical to have a larger fraction of the area towards 

Fig. 65 
the top and the bottom than near the neutral surface. 

The maximum advantage would be obtained by having the area 
of cross^section almost coinsiding with the top and bottom surfaces 
entirely and, a cross-section in the form I satisfies this condition 
best. Therefore, girders are usually made in the form I for economy. 

k 

Further, the depression * of the mid-point of any gfcdet varies 

M?/ 8 
in accordance with the relation, -JL. i t is desirable 



to have as small a depression, *, as possible. Obviously, this can 
be achieved by providing an increase in the values of d, d or Y* 

Sime e f occurs in the third power, increase in its value produces 
a better desired effect than an equal increase in *b* would produce. The 
vertical length of the section I is therefore increased suitably. 
Steel is commonly used in the manufacture of these I form girders 
since it has a large value for Young's modulus, Y. 

The commonly available girders are therefore of I - form and 
they are made of steel having suitable values for the depth, d, 
the breadth b of the horizontal flanges and thickness f of the vortical 
section* ' ' ' ;; ' ;; ' 






1. ike m an elastic wife of length 
T*Z 1*4 Jjjj? 2*1 st3fi 

f r = 20 x 10* l / j&. <. j 

Work pet unit volume = | stress X strain. 

. . ,. Increase in length 0-21 1 

' ; m ~~ Original length" ** 420 ** ~ 
Young's modulus X strain 

20 X 1Q 11 X f^ju = 10 s * dynes / sq. cm. 
per unit volume 

- i X 1 9 X -jjjjjQ-- 1 X!0 ergs. / c.c. 

Volume of the w*e : 

- tc X ( 04)7 }*-x 480 C.G. 

done 

- I x 10 X w X (04>7) X 420 * I-6I X 

2. 4 umif&m bur of length IX m* is .Imnzmfa 

ml md m had of 100 gm. attached at. its free md Cdlmitite 'the depression 
at $M end if T = 9*18 X lO" 1 *- $ymsf$qm mf the bar is of breadth 

2.4 cm, md tfmkmss 0-5 cm. 

Find elm the period 0f mbratim if the bar fr set in transverse mbratims 
As of tke moss of tike b-sr} 

\ 'tfSfa 'O* **/' if ijr ~-~ > ^'~ p ^^*' < 

Tbe .a>t the end of the bar. fixed at oae end .and 

at the other* % = 



Load ( suspended, M 100' gm. 

Ixagth of the bar> I = 150 cm. 

Breadth of the bar, b -.=* 24iaa. 

TMckne of the bar 4! .. &5.emL ' ; 

Y0ung*s modulms, Y ** 9*78. X- iO^ 1 dynes/sq. cm. 

Deprcsrion, i - 4 X I0 X 98Q X 15QS ^ 4 

2,4 X (0-5)8 X .78 X 10" 

Period of vibration T when set in ' transverse vibration is given 

~~4MF~ : : .'.. . ; . . 





2 t A / 4 x 10 x i' 50 * n ^oc 

V M x. (ft5) M 9-78X 10" = ' 426 



Exercises 

L (a) Define "stress 9 , 'strain* and 'modulus of elasticity.* 

(b) Describe, the behaviour of a tensile wire fixed at one end 

and subjected to a gradually increasing load at the other end, 
explaining the tern* 'range of perfect elasticity*, *yidd point* 

and 'permanent set. 5 

(c) Explain what f on understand by 'elastic after-effect 5 and 

'elastic fatigue 9 . 

2. Define Young's modulus. 

Describe an accurate method of determining the Young's 

modulus of a uniform metal wire. 

A steel wire, 1 sq. mm.: In section and 5 metres long* is 

stretched by 0-5 cm.. Find the stretching force. .... 
(Y of steel 18-5 X 10 11 dynes/sq, cm-) 

[Ans. 1B-5 X 10* dynes] 

. 3. A wire. 3 metres long, and 0-S mm* in diameter elongates 
1-32 mm. whan stretched by a force of 600 gm. weight* Find 
(a) Young's modulus and (b) the energy stored up in the wire. 

[ Ans. (a) 19-0 X 10 11 dynes per sq* cm. 
(b) 1-830 X 10* ergs* per c. c. ] 

4 Show that the work done pet unit volume In producing a 

shearing strain Is [ J (Stress) X (Strain) ]. ' : , 

5. Describe with relevant theory Bin experiment to determine 

w of the Material of a wire by Searie* method. 

6. A steel bar of rectangular cross-section (2.5 cm- In breadth 
and 1-0 cm. in depth and 100 cm. in length) Is supported at Its 
ends and a load of 5 kg. Is applied at its mid-point. Calculate 
die depression ai the mid-point. (Y . 1 : ^5 K 1C 11 dynes/sq. on,) 

lAn$. 0.2519cm.] 

7. A gold wife 0*32 mm diameter elongates 1 mm. when 
stretched by a force of 330 gm. weight, and twists through a radian 
when a twisting couple of 145 dyne*cm. fa ppplied at the ends. 
find c for gold* { Ans. 0-428 
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8. Show that, for a cantilever erf length, 1 9 and carrying a 
toad of weight, W, at Its Free end, depression j? at a distance # from 

W /I* 3 **\ 

tbe fixed aid Is given by j = ypl "2 -- ' ~6~ J " 

9. Given that A, B, G are three points which are not coliineai , 

explain be joined by an aic of a circle, given ..... a 

wooden lath. 

1CL A wife of length 450 cm. extends by -36 mm. 

when stretched by a force of 500 gm. weight. Calculate die. Young's 
modulus of the material of the wire if it has a diameter of 0-62 mm, 
Had also the energy stared In the wire. 

[ Ms. X 10 11 ' dynes/sq. cm. and 6492 ergs/c*c, ] 

II. A bras wire of length 450 cm. and of cross-section 1 sq. mm" 
is fcsoi at one aid and a load of 10 kg. attached at the other end. 
Find Y if it extends bj 0-45 cm. [ Ms. 9-8 X 1 0" dyaes/sq. on. ] 

12* An elastic bar of length of 1 'metre and circular cross-section 
of diameter 1 cm. is clamped horizontally at one end and a load of 
500 gm. Is suspended at tbe free end. Hod the .depression at the 
loaded if the Young's modulus of the material of the bar Is 
19-8 X 10" dyncs/sq. cm ' : 

If the bar k now set in transverse oscillations, find its period, 

[ Am. 1-6B1 cm.; 0-26 sec. ] 

IS. A uniform metal bar one metre long is placed symmetri- 

cally c two knife-edges separated fcy a distance of 642 cm. When 
two equal weights of 500 gm* each are suspended from points 
5 cm. from the two ends respectiwly, the mid-point of the bar 
js elevated by 076 mm. (Mculate the Youi^ f s modulus of the 
material of the bar if the width of the bar is 2-2 cm, and its thickness 
62 cm. [Am. = 9-81 X 10" dynes/sq. cm.] 

14. Find the depression at the mid-point of a bat supported 
, on, two knife-edges separated by 65 cm. when loaded at the mid-point 
with a weight erf 400 gin, (b = 1*95 cm, ; ^and d = 0-45 cm,, and 
= 9*65 X 10 1 f dfnes/sq. tnu [ Am. 1-57 mm. ] 



, 15, Two beams, one of circular cross-section and the other of 
square cross-section ^are used successively in bending experiments, If 
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thcf are of same material, length and weight, compare the toads 
required to produce equal depressions. [ && $ : K J 

16. Describe, with necessary theory, how ** of the material 

of a rod is determined by the static method. 

A disc of radius 10 cm. and mass 460 gm. is suspended in a 
horizontal, plane by means of a wire of length 120 cm, and diameter 
1-2 mm* Find the modulus of rigidity of the wire if the disc is found 

to make 20 oscillations in 50*5 sec. 

iAns. 8-387 X 10 11 dynes/sq, cm. J 

17. A metal rod of length 46 cm. and of radius 1-5 cm. is 
suspended to lie in a horizontal plane by means of a wire of length 
148 cm. and of diameter 0-75 mm. If the period of vibration of 
the bar is 10*32 sec., find the modulus of rigidity of the wire given 
that the rod weighs 150 gin, [ Am. 4-268 X 10 1 * dynes/sq. cm. ] 

18. Calculate Foisson's ratio of silver from the following data : 
Modulus of rigidity for silver '- 2-9 XlO 11 dynes/sq cm, 9 Young's 
modulus for silver = 7-9 .XlO 11 ' dynes/sq.cm. [ ' Ans. 0-362 ] 

19. Find the modulus of rigidity for copper given that the 
Young's modulus for copper is 12-5 XlO 11 dynes/sq.cm. and its 
Pbisson*s ratio 0*26. [ Ans. 496 X 10" dynes/sqxm- ] 

20. Derive, from fundamentals, the relation between Young's 

modulus, rigidity modulus and bulk modulus of an Isotropic material. 
What is Polsson's ratio ? [ A. U. March 1961 } 

21. A bar of rectangular section, fixed at one end and free 
at the other, & loaded at the free end. Derive the expression for 
the depression at the free end. Explain how this expression Is used 
to find the Young's modulus of the material of a bar, 

[A U. Sept., 1361] 

22. What is cantilever ? Derive an expression for the bending 
of a rectangular beam fixed at one end and loaded at the othe? 9 
weight of the beam being neglected. How is the Young's modulus 
of its material determined ? [A. U: AprU 1SS? ] 

23. Find an expression for the torsional rigidity of the material 
of a cylinder fixed at the upper end and twisted at tte lower end 
Jbf & couple acting perpendicular to Its length- 
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Define tbe (a) beading moment ; ' (b) neutral surface of 

a and (c) flexural rigidity. [A.'U. SepL 9 1962 } 

24* Obtain the relation between the elastic moduli of a 

discuss the Emits of Poissoa's ratio, Indicate how 

tbe ratio of a substance is the form of a wire is determined* 

[A U.. April 1963} 

25. Define the various moduli of elasticity of an elastic solid. 

with Decenary theory, a method of determining the Young's 

modulus of the material of a rod of circular section by bending it* 

[AT. K MarA-1963] 

26. .Hew is the' Young's modulus ' of the material of a bar 
determined from the study of the vibrations of rod clamped at one 
end and at the other ? Derive the formula used in this deter- 



A steel bar .SO cm, long, 2 cm. broad and 0-2 cm.' thick Is 
damped at one end and loaded at the other with a ; mass of 100 gm. 
Calculate the period of Orations of tfaC'bar neglecting the effect 
of the of the bar, [Am. 1*154 m.\ . [A. U* '$#*, 1963} 

27. Explain 'Young's modulus*, 'rigidity modulus* and 'Poisson'* 

ratio* of a material. - ' 

Dorfve a relation, connecting them,. 

' ; tkescdbe hem tbe Poisson*s ratio of the material of a short 
' be ^termiMd. j^ ^ April 1964] 

Mnd an expression for the couple .required to twist a 

circular cylinder. 

A civ cokr dbe of ma^ 200 gin. and radius 5 cm. is fixed 
po^oadlcularly to the end of a wire of length 30 cm. and diameter 
Inn* Hud the rigidity modulus of the wire if the period of torsional 
is . I -flee. [M. U. April, 1964} 

{.A**.*3414XMi* dynes I &q. cm.} 
29. BeiSMS bending moment* and 'neutral axis* of a bent 
beam. Derive relation between the bending moment and the 
cormture of the awtral axis. Describe the method of determining 
Yom^*s,m,cMiiilii$ of fte material of beam by bending It uniformly. 

[A. U. S*p& 9 1964] 
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30* Describe with necessary theory Searle's method of 
and c. Show that <r < |. . .[Jlf. U. .ftp*., 

31, Find the relation between the bending and the 
curvature of the neutral axis. Describe a. method of finding the Young's 
modulus by the uniform bending of a bar ; deduce the formula to be 
used. IM. U. April 1965] 

32. Define Stress* and 'strain' and ^Young's modulus** Describe a 
method of measuring the Young's modulus' of a beam of rectangular 
cross-section. Derive the formula you use. [A U. April 1965] 

33, Describe how you would measure the modulus of rigidity of 
a material in the form of a wire and give the theory of the method. 

[A. U, 0*., 1965] 

34. Define the terms (a) bending' moment, (b) neutral axis. 
Describe how the Young's -modulus may be determined for material 
of a bar by beading it uniformly. [ A. 17. April 1966] 

: ;S*.. Obtain the relation between the bending moment and the 
radius of curvature of a uniform bar bent into an. arc of small 

curvature. 

A cantilever of rectangular section has a length of 50 cm. Its 
breadth it 3 cm. anct thickness 0*6 'cm. A weight of 1 kg. is attached 

at the free cod. The depresilos produced is 0-42 cm* Calculate the 
Young's modulus of the material of the bar. (g 80 cm. /sec 2 ). 

[Am. 18*01 X^ 11 dynes I sq, cm.] A. U, April 1965] 

36.. Define 'Young's modulus* and 'Poisson's ratio'. Obtain 
explosions for them in terms of the moduli of bulk and rigidity. 

[A. U. Sept., 1965] 

37. Define 'Young's modulus 5 , 'tigfdity modulus* and 'bulk 

modulus*. Show that Y = 9nk / (3 *+ ) where Y is the Young's 

modulus^ the rigidity modulus and k the bulk modulus. ' 

I A. U. Mutch 1966] 

38. Describe the torsion pendulum method of finijing the rigidity 
modulus ; deduce the formula employed when the moment of inertia 

of the holder is to be eliminated, [ M. U. April 19661 
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SB. on : 

(*) fatigue and clastic limit. [ M. U. Sept., 1963 ] 

(I) Single cantilever. [M- 17. Sept., 19641 

& mtm* [M, U. April 1966] 

fjf) I-form girders [ A. U. April 1968} 

40. Find an explosion for the period of oscillation of a torsion 

pendulum, 

how the rigidity modulus of the material of a wire may be 

by the method of saltations, [A U. April 1965} 

Derive an expression for the period of oscillation of a torsion 

A * 



The period of oscillation of torslonal vibrations of a circular disc 

of radius 5 cm. and mass 500 gm. suspended by a wire of length 

1 and diameter 1 mm. is found to be 1-7 sec. (The axis of 

is normal to the plane of the disc). Evaluate the rigidity 
2iH>diilii8 of the material of the wire. [Ans. 9-728 X 10* * dywslsq. cm.} 

[A. U. March 1966] 

42*'' Describe, with the relevant theory, how you would deter- 

1 + <**'* 

mine Young's modulus of a material .given in the for m of a rectangular 
bar. [A. U. Oct., 1966] 

4S. -Derm an expreaskm ..for &e couple re<|uired to twist a- 

cyli Index feed at one end, through an angle about its axis. 

A wire of length I metre and diametet 1 mm. is fixed at one end 
ad twisted at the 1 other end through an angle of 1 70, by applying a 
couple of value 100,000 dyne-cm. Evaluate the rigidity modulus of 
theiwtre, {An$. 8*281 X-W 11 digreeslsq.cm*} [ A. U. Oct., 1966)] 

44. Explain the terms tf Young's modulus ", rigidity modulus ** 

aad ** bulk modulus *\ 

Dorive the relation connecting these three. Calculate the work 
done in producing an extension of 2 mm. in a ateel wire of length 

2 metres and diameter 1 mm. Y of steel 20xW 11 degrees per 
iq. cm. [Am. 0-157 Jmdes] [A. U. April 1967] 

45,' Obtain an 1 ' qesrion for the couple required ' to twist the 
end of a wire of circular cross-section, Ac other end of which fa 

fixed* through, a given angle. ' ' ' ' 
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Hence obtain an expression for the period of oscillation of a 

totslon pendulum.. ' [A. Z7* April 1967] 

46. Describe the torsion .pendutan method of finding the rigidity 
modulus. Deduce the formula emplof ed when the moment of inertia 
of the bolder' 'Is to be eliminated. 

A circular disc of mass 250 gm. and radius 5 cm. is fixed 
perpendicularly to the end of a wire of length 30 em. and diameter 
1 mm* Find the rigidity modulus of the wire if the period of tordonal 
oscillations is 1*05 sec. [Ans. 3.418 XlO** dynesjsq* cm.] 

I A. U. Oct., 1967 ] 

47* Describe the torsion pendulum method of determining the 
rigidity modulus of the material of a wire. ' ' ; 

A sphere of mass 800 gm. and radius 3 cm. is suspended from a 
wire of length 10 cm, and radius 0-5 mm. If the period of tiorsional 

oscillations Is 1*23 sec , calculate the rigidity modulus of the material 
of the wire. \Ans. S4IX10 11 dynes/ sq. cm^ [A U. April 1968] 

48. A light beam of rectangular eras-section is fixed at one end 
and loaded at the other end. If the free end of the beam is pressed 
down a little and released show that the beam executes simple 
harmonic oscillations and obtain an expression for the period of 
oscillations, [A U. April 1968] 

49. Define the terms 'beading moment * and .* neutral axis. f 

Describe with relevant theory an experiment to determine the 
Young*s modulus of the material of a bar by uniform bending. 

[A. U. O^ber 1968] 

50. Describe with necessary calculations S^arle^s method of 
determining the Young's modulus, rigidity modulus aai Poisson's ratio 
of the material of a wire. 

A gold wire 0-8 mm. in diameter elongates by 2 mm. when 
stretched by a force of 82-5 gm, weight and twists through an angle 
of 60 when a twisting couple of 150 dyne-cm, is applied at 
the ends. Calculate the Poisson's ratio fot gold. 

, 0.129} \A. U. OcL, 1968\ 
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CHAPTER V 



Great and revolutionary contributions were made by some 
outstanding personalities of the 16th and 17th centuries which laid 

the for a proper understanding of Nature, 

Before Coperskiis, It was .generally belevcd that the earth.. was 

iht centre of the universe and that the saa, the moon,, the planets and 
tiie slats moved round it in circular orbits. 

in 1 543 A. D, 5 challenged this belief and advanced 



his Heliocentric T^^ according to which the son Is the centre of the 

system .and all the planets. Including the earth, rotate round 
the sun. His theory was not accepted in the beginning but gradually, 

on account of the developments that it led to and the confirmations 
obtained for it, it came to be accepted as a fundamental truth. 

Up to the time of Galileo* it was thought that bodies let fall to 

the ground from a height do not fall at the same rate : that heavier 
bodies fall more quickly and lighter ones, mote slowly. From the 
leaning tower of Pisa, Galileo demonstrated that all bodies, light or 
heavy, fall to the earth at the same rate. He thus showed that the 
attraction, that tee earth has for a bodf i.e., its weight, fa propor- 
tional to its mast. Galileo ako discovered tike laws of motion which 
were later clarified by Newton and are, now called Newton's laws 



According to these laws, a body moving with uniform velocity 
m a straight line does not require a force to maintain that motion. 
Aaf cbaage in velocity, either ia magnitude or in direction,, requires a 
force to produce it and the rate of change of velocity, ie, accelera- 
tion, is proportional to the force that produces it and takes place in the 
direction in wMdi the fora acts. A heavenly body is not subject to 
fercm -of rerfteiiee doe to fiction 01 air, as a body on the surface 
<rf die earth fa, and therefore should be moving in a straight line, 
if it is no* 'acted on by any iforce. If it moves' ' along a ' circle, there' 
tfctafore be a force that ' d'eiecAs^ it constantly at right angles 
to ' Its direction of motion. 
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It was these Ideas that led Newton to think of a force directed 
towards the centre of the circular orbit. Though Copernicus stated 
that the sun is at the centre of the solar system, the explanation of 
the observations of the movements of the planets was not entirely 

satisfactory. It was because the explanation was based on the 
assumption that the orbit of heavenly body is a circle, the centre of 
which is either xed or moves on another circle and no other geome- 
trical figure was thought of for the orbit than a circle. 

Based on the observations of Tyciao Brake, Kepler enunciated 
three laws which were found to satisfy planetary motion very cloself 

and they are called Kepler's laws of planetary motion* 

6. Kepler's Laws 

1. Each planet moves around the sun In an elliptical orbit, the 

sun being at one of the foci of the ellipse (Fig* 66). 

2- The radius vector joining the sun to a planet sweeps out 
equal areas In equal Intervals of time, (Le,, the areal velocity of a 

planet round the sun is. constant). 

3. The square of the period of revolution of a planet round 
the sun is proportional to the cfcbe of the sem-majoi? axis of the 

ellipse. , ' , ' ' : ^ . 

.Kiepler wa% however, unable to offer any explanation for his 
laws -as he and. Ms contemporaries were under the impression that 
force acting on a planet is in the direction of Its motion. 

97, From the second law of Kepler 9 
Newton deduced that the only force that ,. 
acts on a planet is along the line joining 
the planet to the sun and that there Is no 
transverse acceleration. Ftom the third 
law Newton deduced that the magnitude 
of die force Is Inversely proportional to 
the square of the distance between the 
planet and the sun Tbis may be shown p^' 66 

In the case of circular orbits as follows : 

Let m 1 and m 2 be the masses of two planets ; 
fj and r $ the radlf of their circula? orbits; 
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T; and T, the periods .of rwotatkms round the sun. 

Jb *** 

OB the But planet, . . . 






the centrffogal foice acting on the second planet, 



, 



Now according to Newton, the only force acting on the planet 
due to the sim is directed ttwatds the fetter. and it is equal to tbe 

force. 
-. F, 'and F wffl be equal to the forces of attraction exerted 

* 3, SS - 1 . . 

be saa on tie two planets reipecti^elf . .. " - 



tn* *'/ V \ 3 
3 ' ** I I I ,.8 I 

(T \ S / fa \* 

sr I t "T~f * 
Xj / \ *! / 



r 

7~i * ' ' ' 

/ Tib shews that -the force F' irafies ' directly as the. 'mass of 
the planet and Inversely as the square erf the distance of the planet 
from the sun (Inverse square law)* 

According to the third hm &f mrta*> the planet also exorcises 
attraction on the sun and this force must be equal and uppasite 
to F and it should ^ary directly as the mam of tiie fun* 

Therefore the force erf gravitational attraction between Ae 

JOB and the planet varies directly arthe product <rf the masses of 
^ mm and the planel and inversely m the .square erf tbe distance 
^hdween tbem. : 

Morton extended the Idea to 1be ro^ttton erf file moon round 
earth and to faffing bodies, He thought that Ift* Jm* wMdi 
Wffe n faHmg M^ mmt Us swfac towards it 0ho is 
TMpOfisiblt for the centripetal fore ' m ths moon which maintains the 
moon In its p orMt. His idea was conformed by actual calculations 
(Art, 99) awi tito Iiwerae qoaic i law has tberefofc become a 
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9B. Ti Law tf Uniirrl Gravitation 

tary particle of matter attracts emry other particle of matter with 
m force wMch mries directly as the product of their masses and ht^rMfy 
as tke square of the distance between them. 

Thus, if F be the force of attraction between two particles 
of matter of masses m 1 and m % and d, the distance beiirten 

them, then F e m- * m** 



and F 



or 

where G Is a constant called the Constant of Gravitation. 

The Gravitational constant can be defined as the /me of 
attraction between two particles of matter, each of unit mass, wM$k are 
siparated from each other by unit distance. 

* Hie Moon and the falling body 

The law may be applied to the cases of a falling body and 
the rotation of the moon and its validity tested as was done by 

Newtoa* : : ; . . - , ,, . . . . . 

The weight of a body " mg { V the wdght is proportional 

to" the mass as shown 'by 'Galileo) '' 

If E be the mass of the earth and r its radius, it follows lirom 
the Law of Universal Gravitation that the force of gravitational 

Joint ' ' ' : 
attraction on the body near the earth =* Q . -g- , But this is equal to 

the weight of the body = 



If M be the mass of the moon and R Its distance from the 
earth* Le, the radius of the moon's orbit, the force of attraction, 
between the earth and the moon, according to the Law of Gravitation 

EM 

(2) 



. * 
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If m be th* angular of the moon* the centripetal 

te tbe motion. of the moon In its; orbit, 

M s R . . (3) 

Acootfdi&g to Newton, tills centripetal force is itipplied by 

tie Gravitational attraction .between tbe earth and the moon, 

GEM 



or, the acceleration of tbe mood towards, the earth, 

Gl 



f ft 

(1) Mid (4), - * ~ ... ... (5) 

S . ** 

I, e* the accelerations are Inversely proportional to the squares 

of their respective distances from 3% earth. . 

may now be 'Substituted to \rcrily the relation (5). 



The moon revolves round the earth once In 273 days, Le,,. Its 
period of revolntloa, T ( 27-3 X 24 x60 X 60 ) ^c. 

* 2-359xlO sec. 

*. The angste 1 velocity of the moon, ' ' 

B&C/2.359X 10* - 2-663 X 10" * md/see, 

Tte distance, R, of the moon from the earth, 

2,40,000 nilcs * 2,40,000x^^80 ft. 1-267 X 10 ft. 
.% The {noiriBal} acceleration of the moon towards the earthy, 
**R (2*663xIO~e) a X 1-267x10 8-9812 X.10"". 
Acceleration due to gpavlty s ^ , on a faHfaag body 32-2 ft, /sec. 2 

^R^fO.CWS7^ . m w (6) 

Radios of the earth = 4,000 



seen that there is agreement In the values obtained in 

estab^hc^ tte thidk' of Wbe law. ' ' 




100, Gravitational field mmA istensat 

Aooo&dbg to tbe few of gravitation ewry material particle 
exerts a force of attraction on any other material particle (B) that 



us 

be situated in the space surrounding It. 21* sjMm f smrrouwKng the 
A in which grmitational force of attraction is felt is called the 

gravitational field of A. 

The intensity or strength of tke gravitational field at any point fa defined 
as the force m d^ms-ex : ^erm^ b? a particle of mi t mass when placed at 
timtpomt. Thus the intensity at a point, distant x from a body of 
mass, II, according to the law of gravition, 

M - 1 GM 

as Cjr, = 



r - _ 

" 



P X 



Fig. 67 

It would be better if s%u al are taken into consideration. If 
the mass M be supposed to be situated at the origin of co-ordinates, 
O, the force of attiaction on unit mass at any point P is directed 
towards O, and therefore it is negative when # is positive. On the 
assumption that x is positive, we may write that 

GM 



Gravitational potential : If the unit mass be displaced 

by a distance #, further from the mass M, a certain amount of work 
has to be done against the gravitational intensity. Now this work 
will be stored up as potential energy In the unit mass. 

Tke work-do*** whm umt mass u moved from a poiid A to a point B 
mgmmt the intensity of the gravitational field, is called tke difference In 

falmMB the tm pmmU* . . '. .. . " ' 

Thus when P and Q, are separated by a small distance dx 9 the 
increase of the potential, do 

= work done in moidng unit mass from P to Q 
= Force on unit mass X displacement 
= Intensity of the ield, F X dlsptacement, dx 
' F X dx 

(the negative sign indicates that the displacement is opposite in 
dlrectionto F), 4 



^flrt% AB jtfuvF & f wms " o?rAi^ 

i,^.tjf wJBfciH. T jL * AAJBtwt \*xjjHt.Jr 

^IfcllMr^Hlv 



to a poimt mmw : If a mass* IB, is situated 

and a unit mass be placed at P* the force on the unit mass. 



x 



If the anil mass be gives a displacement 

Gm 



IP v/ 

~~ v x 



dx 

I. !- m. . I ** 



O . A 

jrftl IT l r- -n-^lrm^-.lllr-m-'y "I" 



Fig. 68 

If the imit mam be dfeplaced from A to B ( where OA <i 

and OB IJ the ^difference of potential = 

r fr " : ' 



- f 



Gm 

x 



otViR V j =B Gm 



e pfet,B be $& i^Mtey, &;,=? * ai*d the work done in' 
it mass from A to infinity .\ ' . ^ 



/ ' -1 Cyp \ , . 

, ML I - = ' ^ !,' quaatity which is pitive. 

. \ .-.fl ' tf / . . .. . ' . . . , 

Now the intensity of the gravitational field at a point which 
B at infinity from O, is equal to zero and the work done in 
moving a unit mass through a small distance at infinity is therefore 
zero. Hwrefore the potendal at all points at infinity is the same. 
It has become the practice to consider this potential to be zero 
and to define tie i potential at a point as the work done in moving 
unit mass from infinity to the point. 

Sisce the ii^ork done in moving unit mass from A to infinity 

"' '' : 'r . "' GM '' '! |l " ' ' : ' ' "' " ' 

ecpal to' t the work done in moving unit mas* from Infinity to 

' W ' ' ' 
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the print A wIE be equal to - and therefore the potential at 
a point A, distant V, from a mass m 

Thus, gravitational potential has the maximum value of zero 

at infinity and' decreases as the distance is decreased,, being always 

negative, 

183 Potential due to a spherical eiaell 

Consider a uniform " hollow spherical shell of radios V. Let 
P be the mass pei unit area of the surface of the shell. 

( a ) Let P be any point outside the shell which has for its 
centre, the point O. Join OP and let OP = x. 




Mg* 69 

Consider a thin slice of the shell contained between two planes 
AB and CD drawn close to each other at right-angles to OP. Join 
O and C, O'aad A and A and P. - , , 

Let / AOP0 and ZAOC% 

Now, AB = the radius of the slice = a sin 9. 

Circumference of the slice = 2tffl sin 0. 

Width of the slice, (Le., CA) a.dQ. 

Surface area of the slice = {2* sin 0) a. dQ. 

A Maj^ of the sice = 2na*. P. sin 0. dQ. 

Let PA = n , . 

Then, potential due to the sH6e at P 





= - G 

VpP 



(1) 
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.*. 



A AOP, r f - 4- ** 2a* cos 
s2t* sing 

4r sing 



tills mult in (I), 
the potential at P due to the slice = G . dr .... (3) 

*TT 

;. Potential due to the spherical shell 



G. 



f I s 

it* centre 



** X 

But 4ffn s p the mass of tbe shell, M. . 
Hence tine potential at P dee to the she! = ' - . 

' ' ' ' " . ' ' ' ' X 

the gmDltaiwnd potential of a point outside the spherical shell 
9 AS what it would be if the m&ss of the skill is c&mcmtmfod at 



(b) Pefat ea.'Ae chfil : Let P be shifted to Q, so that it 

on the surface and QQ, = x . = 

Froin the expression (3)-, the potential due to tbe slice 

.- - G. -^- . dr * - G.2*fP-iff (vi - a) "- , . 



due to the d^il G. 2p r 4r' 



/-> * G. 4^tf 2 p GM 

\jf m 



e of ike sMl is 
as what U be if tike mass is concentrated at the centre 
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(c) Point inside the shell : In this case the limits for * dr * 

are (a + x) and (a #) so that the potential due to th$ entire 

a + x 

f 



dr - 

x 



QM 



^~ **r 

Thus the potential at any paint inside the shell is of the same value 
throughout the shell and is equal to the mlue on its surface. 
MM. Potential due to m solid sphere (of radius a) 

A solid sphere may be imagined to be made up of a number 

of infinitely thin concentric spherical shells each having the same 
density throughout and the radii of which vary from to a. 
(a) Paint P outside the 

sphere i Each one of the shells 
products a potential at the point 
P outside the shell as if its entire 
mam is concentrated at the centre 
O. 

Thus if m be the mass /of .60* " ' '* ' '. Fig, 70 
iheB, the potential due to the shell at P = ~r . 

Potential due to the whole sphete 

"" G . . '"' r : ' ' - : 




x x 

GM ; . 

sm -_. ^uyg M | s the mass of the spheie. 

(b) Puiat P on the surface : In this case also, each one 
of the shells produces a poletitial at the point as If Its mass is concen- 

trated at its centre. 

Hence the potential at a point on the surfece * - GM . 

. .'.. ' : ' . , . . . . a .. , 

(c) Ptat P inside the sphere t Let the poipt P be situated 
at a distance x from the centre of a solid sphere of radius * a*. 

\ , I ^tea sphere to be described wl* centre 'O' and radius 
.*, The sphere dMda the give soM spiwe |nto two parts- 



1.24 
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f i ) a of x on which les the point P 

{ fi ) a between spheres of radii, a and #. 

(i) Now the of the inner sphere of radius x = 

{ P fa the denslty'of .the material of the sphere ). 

A 3_ s Potential doe to the sphere at P 

ass ,, fjy 2^Jf**P i X 'Cjr -g^f^T'P * 

(fi) Let the hollow sphere be imagined to be divided into 
a number of concentric shells. 

Let oae such shell be of radius r and 

thickness It. 

Mass of the shell = 4-jfr 2 </r-P. 

Potential due to the shell at P inside 

= Potential on the surface of the 

shel of radius, r 




Fig. 71 . ** G. 4itfJr P. 

.Y if ft be Ae potoa^l due to \ all the .diells outride .P, 

m 



/ 



(2) 



.. The potential due to the entire sphere, 
- - G.| *a p _ G. 4 



/ 

I 
V 



\ 

I 

/ 



But the mass of the sphere, M - f 
-;. v* - GM( 



y of Gravitatioiml field 

It has been shown in Art. lOI that the intensity of the field, 

F, is given bf F - - * . The intensity, F, in different cases, can 

' " ' * ', ' f 

thef efore be 




* 
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(a) Spherical shell 

GM 

1. Point outside the shell: Potential, = 

x 

d I GM \ GM 

.-. Intensity, F = - - ^ - _ j - - -^ 

( The nc^atiw sign indicates that the fot ce is towards the centre 

of the sphere, O }. 

2. Point on Hie surface : Putting x a in the expression 
(1) we get the intensity of the field at a point on the surface of the 

^ _ GM 
shell to be F -g 

3. Point Inside the spherical shell 

Potential* zr = - which is a constant 



The intensity of the gravitational field inside the spherical shell 

is zero. 

(b) Solid sphere / . : . 

(i) Foamt P oatside tlie sphere - '- V'^ ' : ' ' r "- ' ;: 

GM ' ' ' ' . ':;./:'.' : -- .:' ' 



. 
8 * 9 Intennty, F - j- ..... .. . (2) 

(ii) The intaarity of the field at P on the surface of the solid 
e is obtained by putting x = a In expression (2) and therefore 



IP. - 

a 

Thus,'' f& Intensity of At gmvtiafianal field at my point m the 
mrfeMiffw inisMe a solid spktw varies wwsely as the square of the 

Mstmc#"fo0m- the imtre of Ife sphere. 

(Hi) Point P inside tbe sphere : Potential at a point inside 
the solid sphere at a distance x from the centre O, 

zjjL V 

_j.. 
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3 a 



The of the field at P 



GM 
~a* 



x. 



' - -1 
^ 

Thus, ft* of tke field msM^ a solid sphere mtus as x$ 

*.*., 6* ill /rwn ft* flJr* 0f ft* {pirn. 

coEsta^t and tlie mean density 0f the earth 



The earth is nearly spherical. The attraction exerted by it 
on any body on its surface or outiide it is the .same as if its entire 
mass is concentrated at its centre. 

If R be the radius of the .earth and B its mean density, its 

4 

mass * - 
3 

According to the law of gravitation, the force of attraction 

of die earth on a body of mass m on its surface 



4 *stR s D : jH 4 

* -- ' "" 



But the force of attraction of the earth on a body is, by 
definition, the weight of the body which is : equal to mg, g being 
the acceleration due to gravity. 

*. mg G |- 



DETERMINATION OF 



ItT. 

ents that were conducted 7 to find the 



value of the mom density of the earth (D) and the gravitational 

constant (G), the force of attraction exerted by the earth on the 
bob of a plumb Hne was compared with the attraction exerted by 

a mountain* 

In the absence of any mountain, the plumb bob hangs 
vertically downwards, If the plumb bob be by the side of a 
potin$aiii f the gravitational force of attraction of the 
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3^ eels the plumb line by an angle ( Q }* If the force due to tha 

mountain Is horizontal, we may write, tail 



* 



where . F Is the force of attraction dee to the mountain and W, the 
earth's force of anxacdoti, L^t the weight of the body.' Now if 
M- be the mas of the mountain, 1 m mass of the plumb bob, E the 
mass of the earth, rf the distance of the centre of gravity of the 
mountain from centre of the bob, and R the radius of the earth, 

(2) 

v*V 



and W = me I G, - =* G 4 irRDm 1 . (3) 



W 

GM 




After obtaining the value of G from this relation, D can be 

' ' ' ' ' v ' ' ' ' ' 3 ' 

obtained making use of the relation D = - - . [from (2). Art 106] 



(a) The mats of the mountain, M and the position of its centr 
of gravity were determined by conducting an elaborate survey, 

(b)- To find 0, a zenith sector was employed. The zenith 

sector is a telescope mounted near the object glass so as to rotate 
about a horizontal axis which lies east- west. A plumb line is suspen- 
ded from the same axis and it moires below over a ''-scale 'graduated In 

degrees, minutes and seconds. . 

Boitgiier and Maskeylene conducted experiments on these lines 
o determine the values of D and.O 

IDS, The mountain chosen by Maskef lene was Mt. SchiehalJion 

in Perthshire and it runs east and west. Observations were taken 
with the zenith sector to the north of the mountain and to the south 
of the mountain. Hie telescope was directed towards a star in the 
zenith podticMvIn both the cases. When the zenith sector was placed 

to the north of .the mountain, the plumb bob would be attracted 

the south. When the ..zenith . sector, was $0 the south of the 
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mountain, it would be attracted towards north. The difference, R 
between the two readings of the plumb Hue on the scale, which was 
found to be 55* was partfy &* t* ttt mmtfitfe of A$ earth and partip 
due fe &* 0f ike 

The dliectkm dee to curvature of the earth, 

the distance between the two places 
(Radius of curvature of the earth) 
(In radian and It was found to be 43*. 

The deflection, 2 ( = JJ - 0), 
due to the attraction of the 

mountain was therefore 12* or 

a - 6*. 

The mean density of the earth 
D was obtained by Maskeykne 
to be 45 gm. / c.c. and the gravi- 
tational constant 7-54X10-* 
G. G. S. units. 

This value of G is much higher 
than the value obtained 'by more 
accurate experiments later. The 

estimation of the mass of the 
mountain and the location of its 

lor the error. 




Fig. 72 

centre of gravity involve uncertainties'- wMch 
1. AIry 3 s Misie Esperloieiats ; , ' ; : 

In the mine experiment, the acceleration due to gravity g^ ! on 
the surface of the earth is compared with the value g. 2 at- the bottom 
of a mine. 

Let be the mass of the earth, R the radius of the earth, I the 

depth of the mine, D the mean density of the earth and d the mean 
density of the crust of the earth of thickness h. .-: 

If at be the mass of a body, its weight on the surface of the earth 

&HI -. 4 w<*v ,*\ 

(L) 



the mass m is taken to a depth h below the surface, the 
of die earth of thickness, h, does not exert any attraction 
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oo It and Ac mass of the sphere of radius (R h} will be responsible 
for producing the gravitational attraction. 

''Now, the volume 'of the earth in the .outer shell of thickness ,. 

44 
.^R3 _ 

Mais of the .earth in the outer shell 
s= 4ifcR 2 M (approximately). 

Mass of the earth in the sphere of radius (R K\ 



h = 



(R-A) = 



(approximately), 



The relation foi attraction according to the law of gravitation 



= 



= G 



m 



or, ' g 2 = G 






} 



\**J 



[4 
r* * 
\Jtrn ' 



1 

J 



2h 






Sz 



R 



( 2 -) 



RD 



(approximately.) 



In 1854, Airy determined with grpat care, the values of 
and g 2 (by pendulum experiments) on the surface of the earth and 
at the bottom of a mine, the Harton coal pit which Is 1250 ft. deep. 
The mean density if of the eafth 5 s cmst in thje outer shell was obtained 
bjr determining the densities of a number of samples of the earth in 
tfae sbdD at different levels. The value of d was found to be 
2-5 gm./c.c. 

Substituting the values in (I), G was calculated to be 5-78 x 1<T 
C G.S. note and the mean density of the earth D to be 6.5 

**\* v / 



The min density of the crust is an uncertain factor which 
cannot be obtained with accuracy and therefore the valpes for Q and 

D cannot be said to tjc yory accurate^ 

* i - *i 
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LABORATORY EXPERIMENTS - , 

11*. ' The ia laboratory experiments for studying 

are to be smaller than those . in the 

.described above and consequently the forces which are 

to be very small. Reined and sensitive methods 

have therefore to be employed for measuring them. 

Rev. Joim Mitchell suggested the use of a torsion balance for 

theie forces. He designed an apparatus for this purpose 
%it before he could use It, Hie apparatus passed into the hands 
of Gavoidish who used it successfully to determine G and D to a 
fefe of aeemqr . ' 

111* CaTesadisli experiment 

The Apparatus consisted of a Mght torsion beam PQ, of dealwood. 

which was 6 ft. .long. , It was suspended by means of a silver-copper 
wire w which was 39-25' long. To strengthen the beam and keep 
It straight, the cads,' P and Q, were connected by rilver wires to 
an tipright R .fxed at ks ceatre. Two .lead balls A and B each of 
diameter. 2* were suspended from the eads'P.'and Q, rapeetiveiy. 
The of the beam were prodded 'with vernier 'bits '(each of five 
divisions) which moved over feted scales, {divided Into twentieths of 
an inch) for noting the defection of the beam* : :? ; ' 
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\t*&- spheres ' C aad 'D 
aiefti wne hung cjbwa froo| the eadi ' 0f 



35 Jb. and 12 1 * ia 

- by 



of t-vlro vertical rods of copper. The four masses A, B, G and 
D were arranged to lie with their centres in the ..same horizontal 
plane. The cross-bar was arranged so that It could be rotated 

about the same axis as the beam PQ, by means of a wheel, W W. 



Cavendish took great care W reduce the effect of the aii> 
currents on fhg equilibrium of the beam PQ,* He constructed a 
special inner chamber in. an out-house in his garden for keeping 
the apparatus. The room was locked and ail manipulations were 
carried on from outside. The cross-bar LM was rotated into the 
desired positions by means of a rope which was wound over the 
wheel WW and passed outside. The scales and verniers were 
illuminated by lamps fitted on the inner side of the walls of the 
chamber and observed throiigh telescopes, T, T fitted into the walls. 
For coiweniefice* two short pegs were also driven Into the walls to 
stop the masses, G and D, at equal distances from the centre of 
the beam PQ,- 

It is reported that, in spite of all the precautions taken, the beam 

kept on oscillating on account of air-currents set up Inside due to 
temperature differences In the chamber. Cavendish had therefore 
to resort to the method of oscillations for determining the position 

of rest of the beam* 

Metiaod of the Experiment: The heavy masses were first 

arranged so as to have their line of centres at right-angles to the beam. 
The torsion wire in this position was not twisted. The positions of 
the verniers on the scales were noted to obtain the position of rest 

of the beam. 

The cross-bar LM was then turned to get the masses C and D 
near to A and B respectively (as at C x and D x ) as shown in Fig. 74, 
the distances between the masses (G and A) and (D and B) being the 
same. The masses G and D were on opposite sides of the beam with 
the lines of centres AC and BD remaining horizontal and perpendicu- 
lar to the beam. The smaller masses A and B were attracted towards 
G and D respectively with equal forces' 'sb that the beam was subjected 
to a couple tending to turn it in the clock-wise direction. The 
positions of the verniers on the scales were noted again* Hie 
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readings and the readings In the position 
0f the t . 

The then swung round to get the mass C near B 

and D A (as at C ft and D 2 | as 'shown in Fig, 74, so as to 

eaccrt a on the beam PQ, in the anfi-clock-wlsc direction, the 

the two (A and .D) and. (B and C) being the 

as The of test of the beam was again noted and 

2 obtained. The average of X and 2 gives 0, tie 
OQ the to the deflecting couple* 

Theory of the : ' ' ' ' 

Let M be the of a heavy sphere, 

% the mass of , a small sphere, 

d, the distance between the centres of two near masses 

(A and G or B and. D), . 




"-. 




,-*' 
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24 'the of .the beam PQ,, . ., . . . .; , : 

p the moment of the torsional couple per unit twist,, and 0, 

the angle of detection of the beam, 

Wtea the heavier mass M is brought near the smaller mass, 
the latter is acted on by a force due to the gravitational attraction 

' J* ' . '*' * . i j-^ MlTI \ 

ana m wHch ^ equal to f G - -7 I . An equal' force 

' ; - ' . , \ , : * / 

at the Cftd^ of the .beam in the opposite direction and the 

two forces exert a couple* ,, . 

m. 1 Mwl f *$$$. 

x 21 ' (1) 



The nwatieitt ' of the' 
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will tend to twist the suspension wire. When the wire 
is twisted, It exerts a tordonal couple In the opposite direction and 
If the beam be deflected through aa angle from its position of rest, 
the couple brought Into play by a twist, = f*Q '.. (2) 



For equilibrium, G -j^ X 21 ^ PQ ' ... (3) 



is determined separately by determining the periodic time T 
of the when it performs tomonal oscillations, 

Now s T = 2 it A/ -T- where I is the moment of inertia of 



the beam. From this relation, p Is : calculated. 

Knowing all the other quantities, the gravitational constant G 
calculated and fram it,- the mean density of the earth D, using 

the relation D * 

The values obtained by Cavendish are as follows : 
G = (6-754 0-041} X 10-* G. G. S- units, 

and D = (5-448 Q-033 ). gm. / c. c.- . . , 

' . . ..." -. 

Cavendish applii corrections for the following sources of error 

in his experiment: :, .'''. : ' - 

(a) the attraction of a heavier inass bn the remote smaller mass 
at the other end of the beam, 

(b) the attraction of the heavier mass on the beam PQ,, and 

(c). the attraction of the copper rods -supporting the heavier 

..masses on the smaller malses. . . . . : . . 

The accuracy of his experiment was however limited on account 1 
of the following defects : 

He used a long torsion beam to reduce the attraction of the 
heavier masses on the remote" smaller' 0nes : and also to provide 
a larger deflecting couple. A thick wire had consequently -to- 'foe 
used for suspending the beam*-' which reduced 'the value of 'the 
deflection 0. Moreover, even the corrections applied were, them- 
selves subject to uncertainties. Added. -to all these, the method 
of measuring the deflection was .not sensitive. . . v. 
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Hie use of a beam made the use of a big room necessary 

in Its turn brought about a certain disadvantage. Convection 
Inside the room could not be avoided. In addition, 
tile of the beam was affected by the heavy traffic on 

tfaa outside. 

method 

112. Prof. G. V* Boys considered all the sources of error 

in tbtf Cavendish experiment and denned a small and compact 
apparatus in 1895 lor determining G. 

Prof. Boys developed a '.technique of 
drawing very fine and unifoim fibres .of fused 
quartz. Hi f<m*d ff& qmftz fibres to be m 
m stwl m tMr tmsite strength but 1&ff 
wm trnportflmlj wry l@w m Ifcjf a 
sensitize $&r$im ' balance could be constructed 
with them, with a gtmt reduction in the size of 
ike balance. : . 




5 ' apparatus; 'Consists of a small mirror 
strip PQ, about 1* long wbich is suspended 
from a torsion bead by means of a fme& 

Fig. 75 quartz fibre. The mirror strip serves as a 

and also for measuring the. deflection Q Two gold 
.era A and .1, each 0-25* in diameter, are suspended from the 
P and Q,. 1 -They are a*raiiged'' to be at different levels, the 
A S* lower, :tfaaii B. The gold baHs and the suspesskm 

are enclosed in a glass chamber of 1-5* diameter. The attracting 
spheres G and D are of lead and of 4*5* diameter and one of 
C arranged to be at the same height as A and the other D at 



the same height as B. 

< The experiment is conducted as was done by Cavendish. 
The angle of deflection, however, is measured by noting the deflection 

of a beam of light which is reflected from the mirror strip. 



heavier masses |( C and D are first brought into the position 
niiick'they exert maxmiim couple on the mkror strip, to 'one 
direction. The angle of deflection is noted, They are then 
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swung round so that they exert maximum couple again but In 
the opposite direction ('the distance between the attracted and 

attracting masses being almost the same as before). 

As in the case of Cavendish experiment, 
if 21 be the length of the mirror strip AB, 

d 9 the distance between the attracting and the attracted 

masses on one side* 

M, the mass of a. heavy sphere, 

m 9 the mass of a gold sphere, 

the delecting couple = G - .21 (1) 

If /* is the torsional couple per unit twist, 

torsional couple exerted by the fibre = p> Q ... (2) 



For equilibrium, pQ = G. - .21 .... (3) 

, ||5s 

The value of G is calculated from (3), As before p is calculated 



from the relation T = ,2^t A / - . ..... . (4) 

by observing the periodic time T using the arrangement of the 
quartz fibre and the mirror strip with gold balls as a torsion 
pendulum the value obtained for G and D by Boys are 

G - 6-6576 X !<T S G, G. S. units 
and D 5-53 gm./c.c. 

The results obtained by him are very accurate. 
The advantages of Boys 1 method are as follows : 

L The use of a quarts fibre has made the apparatus very 

sensitive and accurate. 

2. The dirnentloBs of the apparatus are reduced and a mall 
chamber can therefore be. used in which uniformity of temperature 
can be maintained, thereby preventing convection currents. 

3. By arranging the masses at different levels, the eflecf of the 
attrmcribn of the heavier mass on the remote smaller mass is very 
much reduced. 

v 

4. By the lamp and scale arrangement, very small deflecfions 

cpa be measured accurately. ;, ' . - ' 
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In Pofnting actually weighed the attraction between two 

lead by means of a balance aad determined G. A sensitive 

is arranged la an underground room so that It is 
cut off from all extraneous disturbances. All the manipu- 

lations are carried out from outside- 

Two lead spheres A and B each 
erf mass 50" lb, are suspended from 
the ends of the beam of the balance. 
The attracting sphere C Is also of 
lead and of mass 350 lb. It Is mount- 
ed at one end of a torn-table, which 
is 'Capable of rotating about a vertical 
, Pig. 76 . axis. The axis passes through the 

centre of the beam and by turning the turn-table, the mass G can 
be vertically under A. or B. To counterpoise the mass G, 

a mass* D, about half the mass of G is placed on the table 

at about twice the distance from tije aap* mi the other side. The" 
deflection of the beam is measured by an optical arrangement. 

The mass G is arranged under A* The deflection X of 
of the balance on the ,$cale is noted. . 




Let M be the mass of the attracting sphere, m the mass of the 

small sphere, and d the distance between them. ' 



Force of attraction on the smaller mass =*= G 






- 

=* 



If I be the length of the arm of the beam, the moment of the 

Mm 



(2) 



If the cnwpoiMiing deiectbn produced be Q JL and ft the 

moment of the fora required to produce unit deflection, 

. 

* *" 



The tora-teble dwa routed so as to bring the mass G under' 
B; If A t be the deflectkn now, G. 

1 
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^ . If is the, total deflection of the beam produced by changing 

C from one position to the other, 0j + 2 aQ d from (3) and (4) 



03+0 2 ) = /*0 ....- (3) 

is equal to the difference in the scale readings obtained when 
G Is at A and'' when it Is- at B. 



To determine p, a centigram rider is- moved on the beam from 

the centre to a distance x and the corresponding angular deflection ^ 
of the beam is noted, 

Then 0-01 gXx =* P '$ 

0-01 g X * 

or * = - - .... .... (6) 



D 

* 



0-01 





0. 



Hie mean values obtained for G and D by Poyating were as 

follows : 

G - 6-6984 X 10" G.G.S. units. 
and D 54934 gm. / c.c. ' ' ' ; ' ' .' 

114. Qp^Mties of Gravitation 

The force of attraction between any two bodies is not affected 
by the intervening medium. The force is- not affected by the nature, 
state and structure of the bodks involved but depends entirely on 

-iDMaes. Bodies in general do aot snow any directional preference 

to escettieg their gravitational influence. ' 

Hie law of gmvitation apples with equal accuracy to bodies 
wWcfa are separati by astronomical distances as weH as to those 
are very close to each other. 



It is reported that tie coiistast of gravitation varies slifhtlv with 

temperature. .. . , . 

VARIATION OF 



115. Ritche in 1612 ofeseived that tie period of Ms teconds 
pendulum changed wben it was talcep from Cayenene to Parfa, 

. x$ . ' .. " .'"" 



tibat the value' of g changes whenever 

is a erf" (a) latitude or (b) altitude* 

hrttade 

The value .of * g 9 changes with latitude due to two causes.: 

(1) rotation of the earth and (2) bulging at the equator. 

It is that -the earth was at one time a liquid mass, the 

of which irst solidified as it cooled. Such a liquid matt 

a spherical shape under the action of the mutual 

gravitational forces of its particles if it had teen at rest. But actually 

*he earth is rotating and everf particle which is not on the axis of 

a centrifugal force equal to t*ir, where at is 

the of the particle, the angular velocity of rotation and r the 

of the particle from the axis '.of rotation. At a point F 

fHg. 77} on the surface . of the liquid mass in latitude \, the 

f =. cos X (where a is the radius of the spherical mass). 

/. The ee&tsj&gal force on unit mass = *a cos X* 

Now , there would be two forces, acting .on the particle at P: 

(1) the attraction of the whole -mass of ..... the earth on the particle and 

(2) the centrifugal force (which is comparatively much smaller than 
that due to the first. The resultant of these two forces should be 
perpendicular to the surface at P as otherwise the liquid mass would 
not be in equilibrium. The surface of the liquid earth would there- 
fore deviate the spherical form and assume the form of "an oblate 
spheroid* on the surface of which the resultant attraction at any point 
would be perpendicular to the surface at that point. The earth, 
when it cooled, solidified in the same form. This is how the bulging 
of the earth at the equator and the flattening at the poles (i.e., the 

iii ' ' 

dHfrtkitf of the earth) is accounted for. The equatorial radius of 
the earth, fa 6,378,800 metres and the polar radius 6,356,500 metres. 

117. YwitttiM of V dua^to the rotation of the earth 

Now* the centrifugal force on a unit mass at P ^2f and 'it 



The it alpp attrftcte$ tfwanls *0* by $ force 1 tecpal 



I3d 



It fa thus under the action of two forces : 
! w*r along PM and 
2. V along PO (Fig. 77) 

Let ^ be the resultant force, acting on it. It will be equal to 
the observed value of the acceleration due to gravity. 
From the law of parallelogram of forces, we have 
PN* = PO + PM* - 2PO PM cos X 

P* e >}g\ 2 =* 3 + ^ 4f2t "" 2tt|2f cos ^* 

But is a very small quantity as compared to g 9 so that 

may be neglected. 

cos 



/ 

- ^2 I 

\ 



| 



& 



cosX 
cos X 



) 
) j 
) 



(approximately) 




77 
r = n c0s X 'so that the apparent weight of a unit mass 

at latitude X is given by the relation, 

g % = g 20 COS 3 X -* '*- X 1 ) 

aloi^ PN of the parallelogram PONM* Thus on account of 
rotation of the earth, the observed value of g will be less than the 
gravitational force of attraction by an amount (**%a cos 2 X ) o 
account of the centrifugal force produced by the rotation of the earth* 
But ike apparent weight of a body at a place was found to be different 
'from the mlw obtained from (1). This discrepancy is due to the tlliptidty 
afike earth and the Iwal variations in the density of the earth. 

Due to earth's ellipticity, the particles on the surface of the 
earth at the poles are nearer to the centre of the earth than the 
particles on the equator. The force of attraction on a body will be 
therefore least at the equator ; it increases gradually towards the poles 
where it attains the maximum value. 

Considering the two effects depending upon latitude one due to 
rotation and the othet due to change of distance from the centre of 



i4 

the earth Hclmcrt suggested the following equation for the apparent 
of null of a bodf at a&f latitode X 

O.OBS10 



* 

A 

f and e being the accelerations due to gravity at the place 

X . . 

and at the equator respectively. 

Problem : Calculate tke' centrifugal force experienced by a particle of 

at the eq safer msimg tkt f&Uowhg data : 

Eqmatetid rebuts, of 'the : .earik = 6*378 X 10* em. 
Perm! of rotation of the with * 1 SMewd day* 



The centrifugal force experienced bf a-particle of unit mam on 
the equator = * 9 r (since X and cos X = ^} where ^ is the 

aaagular veteeity of fo*ata. and r the radiin &f the earth, 

Period of rotattoa of the earth, T = 86,164 sec. 



Angular vdcxaty, =-= - radians/ sec, 

i 



Radius of tfie catth at the equator r = 6-378 X 10 s cm. 
/, Centrifugal force on unit ma.ss 



113. Variation with 

Bmigaer, in his mountain experiments,, established for the Irsi 

time that * ari with altitude. " - ; 



We have shown that ,==, * 



( E being the mass of the earth and R its radius ). 

l 

;' ' ****' , ' , ' * *** , (1) 

If gk fte the acceleration due to gravity at an altitude, k above 



the ground^, (R + ... ... (2) 



* * 



( 



Bat : this gftes ' values which are less than those obtained 

u ' TMs difference is due 'to the attraction of the 



V. 
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elevated masses of the earth such as mountains lying below the unit 
mass. Bouguer gave a relation taking this attraction into account. 

If d is the density of the surface constituents, D the density of 

the earth and R its radius, 

?* 4. 3hd 
R 2RD 

THs relation Is known as Bougner*s role. 

119- Variation due to depth 

If g h is the acceleration due to gravity at a depth h below the 

surface of the earth, 

(R'-A).D. 



g 


h = G" 


E 


4 

G -4 


(R-M 






E 
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f = G. 
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But Airy's experiments in Harton coal-pits indicated a slightly 
higher value for V than at the surface. Experiments conducted by 
other scientists also gave a similar result. This discrepancy in the 
theoretical and experimental results has been suggested to be due to 
the much higher density of the central portion of the ear th than that 
of the outer layers. 

ttt. Gravity balance : TkreUkll ar.d F!I0ck 9 s experiments 

In 1809 Threlfall and Pollock designed a simple apparatus for 
the study of the variation of *g* at different places. 



The .apparatus consists of a 
foe quartz fibre AB "(30-5 cm. 
in length and 0*0038 cm. In 
diameter) stretched between two 
cy tinders, ; ' A small spring $ 
helps in keeping the fibre in 
tension. The cylinder at A is 




'Fig. 



** 

fixed, while that at B can be rotated by means of a rotating am, R. 
A vernier V on the arm R moves over a circular scale and givea the 
position of .the rotating arm on the scale. 
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r A brass wife CD (5*3 cm. long) is fused to the quartz fibre at 
Its centre O. It m weighted with glided brass ball at D so that the 
centre erf gravity of the wire is to a side of the quartz fibre* 

The wire CD b brought into a horizontal position by twisting the 
fibre by means of fee arm R. A microscope M is arranged to view 
the wire in this horizontal position. This position is, however, 

and a slight movement of R from its position will make 
the wire CD turn over. A stop is therefore placed below CD to 
prevent this, 

The- weight of the ball at D Increases or decreases as *g* increases 

or decreases and the change of weight of the ball disturbs the equili- 
brium of tine wire CD* To restore equilibrium, the quartz fibre 
Is twisted by rotating the arm R through the required extent* The 
extent of rotation of the aim gives a measure of the change In the 
value of */. . 

Tie instrument b calibrated, by measuring the. difference in 
the vernlet readings at two places whore the values of *jf are known 

accurately. Tfarelialt 'ami' Bollock selected Sydney and Melbourne 
for this purpose.. 

The length of the wife CD and the . rigidity of the quartz fibre 
are both affected by temperature. A. -correction for temperature 
will therefore ha^e to be applied for obtaining accurate results* 



1. Two Uad spheres &f masses 2 kg. and B kg. are placed mi* 
tbtr cadres 100 cm. apart. FM the force of attraction betimm 
if G 6*7 x W~ 8 C* G. S nmts. 

Force between two masses M.,^ and M 2 separated by a 

j -. * r* 

distance, i G 



.-. F = 6.7 X 10- . . = 4-02 X lO- dynes. 



density 



jgpte*' of radms 6-4 X I^ s m. gum iM a gm. m the 
-if wttl a /nw *f 980 <fym$ and that the 

G m 6-75 X I0~ C. G; & miU. 
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We have the relation, g = G f 

Force on unit mass - acceleration due to gravity, g 

= 980 dynes. 

Gravitational constant, G - 6-75 X 10~* C. G. S. unto. 
Radius of the earth, R ** 64 X 10* cm. 

g 980 

' D - GTSS: " ~6^5~>no~-* x t* x e-4 xio 

> 

= 5-42 gm. / c.c. 

3. Calculate the mass of the sun. fwm the following data : 
Distance between the sun and the earth ** 1-489 X 
Qmmtatwwl constant, G = ftfi7 X W- 8 C. G. 
FdrfW o/ roteiwii of the earth found the sun - 365 days. 
The force of attraction of the sun on the earth gives the necessary 
centripetal force for earth's revolution round the sun. 
Let the mass of the sun = M 1 
Let the mass of the earth = 
Angular velocity of rotation, 



45) = - -- - radians /sec. 
365X24X60X60 



Centripetal force 

_ M / ...... _ ___ 

~ MS \ S65X24X60X60 

Force of attraction of the sun on the earth 



= 3-007 X 10-~ 8 * M, M*. 



Hence 3-007 X !0~* 4 MjM z - 0-5905 

or M x - 1-964 X 10" gm. 

Exercises 

1. State Kepler** laws of planetarf motion. 

2. (a) State the Universal law of Gravitation. 

(b) Explain hpw Newton verified that the force on the moon 
due to the earth obeys the same law as the force on bodies at the 
surface of the earth. 

3. (a) Dene ' intensity * and * potential at a point in a |f avf* 
tatlonal field % 
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(b) Obtain an expresson for the potential at a point due 
to a .at a point outside If, 

4. (a) Define the 'Newtonian gravitation constant/ 

(b) Derive -an expression for the potential' at a point within 

a solid sphere. 

5. Obtain the relation between the gravitation constant and 
acceleration due to gravity, g. Wfaat are the dimensions of c G * ? 



or dtaaeiisicTO of G 

6. '(a) Explain how * g * varies with latitude and altitude. ' Obtain 
a, genera! relation for the variation of * g * in each case. 

(b) Describe how the variation of * g * may be studied. 

7. Two spherical masses ( 45 kg. and 300 kg. ) are found to 
attract one another with a force of 0-359 dynes when their centres 

are X cm, apart, find the gravitational constant 

[Am. 6-65 x 10~ 8 G. G. S. units] 

8. Calculate * g * at a place from the following data assuming 

that file earth is a perfect sphere : 

G- 645 X ICT* G. G. S, units, R= 6-4 x 10* cm, 

and D 5-5 gmt, /ex. 

Also detetmfaie the potential due to the '-earth: at a point on its 



[ Ans. 980*6 cm* / sro.* ; and 6-276 X 10 11 ergs. / gm* ] 
9. Describe Cavendish's experiment and explain how the 
Newtonian constant of gravitation Is found from it. How is the 
mass of the earth estimated therefrom ? [ A. U. March 1X1 ] 

find an expression for the gravitational force due to a 

sphere of uniform density at a point outside it. 
Sputnik I encircled the eairth at a distance of 560 miles. 
period of revolution. Radius of the earth = 4000 miles. 

-, . [Ans. l-726hrs.] 

I A. U. April 1962] 
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1 1 , Explain the term 'gravitation constant*. Describe Cavendish's 

experiment to determine this constant* 

Show how the mass of the sun can be determined approxi- 
mately in terms of the mass of the earth. [ A. U* April 1963 ] 

12, Describe the experiment of Boys on the determination of 
the gravitation constant. Deduce the relation between the constant 
of gravitation and acceleration due to gravity. How is the mean 
density of the earth estimated ? [ A* U. Sept., 1963 ] 

IS. Define e constant of gravitation' and find its dimensions. 
Describe in detail, an accurate laboratory method of finding the 
constant of gravitation. [ A. U. April 1964 ] 

14. Enunciate Kepler's first and second laws of planetary motion 
and hence deduce Newton's law of gravitation. How does Kepler's 
few follows from this ? [ M. U. April 1964 ] 

15. State Kepler's law of planetary motion. How are they 
related to Newton's law of universal gravitation ? 

Describe how the value of * g * varies as we go below the surface 
of the earth, up to the centre of the earth. [ Af* U. Sept*, 1964] 

16. Discuss the variation of acceleration due to gravity with 

laitede .and ,. altitude. How are the values of accele? ation due to 
gravity at two places accurately compared ? [ M. Z7 Sept,, 1964 ] 

17. State Newton's law of gravitation and explain what is meant 

by the gravitation constant. . Find;, an expression for the acceleration 
due to gravity on the surface of a spherical planet of radius V and of 

uniform dgpsity *% Assuming that Mars i$ a sphere of radius 3,400 km. 
and density, 3-9 gm. cnf~ 8 and, that the .earth is a sphere of radius 
%3?Q km, .and density 5-5 gmu. cm"" 3 ,, calculate the value of .the 
acceleration due to gravity on the surface of Mars. 

(Neglect the effect 'due to rotation of Mars and earth. ) 

(Acceleration due to gravity on the earth's surface 980 cm, /sec 2 . 

(Am. ; 371-0 cm, / sec^.) [A. U. April 1965 ] 

18. Describe with theory, Cavendish's method of finding the 
gravitation constant. How does this help to find the mass of earth ? 

the minimum velocity to be given to a body for it to escape 



the earth Into space. (Radius of the earth = 6*38 X 10 s cm. 
Acceleration doe to gravity = 981 cm, / sec 2 . ) ' -. " : 

(Am : 1-119 X 10* cm. / sec.) [M. 17. J^rii 1965 J 

If. Describe the Bops method of determining the gravitational 

constant showing bow It is deduced from the observation. Calculate 
the attraction between a pair of spheres of 15 kg. and 25 kg, whose 

centres are 20 cm. apart. (Assume G = 6-7 X iQ"~ 8 G. G. S. units) 

... * * f 

{Ms i 6.281 X i O-^ dynes.) [ A 7- &^t, 1565] 

20. Define the 'constant of gravitation*. What are its dimensions ? 

Describe the -method of Bofs to determine the constant. In what 

respects is it an. improvement on the method of Cavendish ? 

[ A. U. September 1965 ] 

2L Deduce Newton^ law of Gravitation from Kepler's laws erf 
planetary .motion. Knowing that the moon at a distance of 2,40^000' 
sufes males one revolution round the earth in 27 J days, show that 
an artificial satellite circling the earth at a height of 200 miles will 
complete a revolntkffli in about 91 minutes. 

(Radius of the earth 4000 miles) [ Af. U. Ap*U1966] 

22. Write HMOJ< 

(a) Value of *g*.o& the tap of a mountain. , . . 

[Af.-'tf. Sept., 196f\ 

(b) Gompariaoii of the : vataes ! of */ at diffident places. 

[Af. K ^fil 

(c) Poynting's method of finding the gravitation constant. 

[M. 7. J/ri/ Jfl 

(d) Ma^ of the earth. [ M. U. April 1966 \ 

(e) Variation of V due to rotation of earth. 

[A. U. October 1967} 

23. Mention briefly how the acceleration due gravity varies 
over tie earth's surface. [ A. J7. March 1966] 

24. What Is gravitation constant ? 

Describe a laboratory method of determinig the gravitation 

constant. How would a knowledge of the gravitation constant enable 
OBC to determine the average density of the earth? 

[A U* October 1956] 
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25. Describe Boy's method of determining the gravitation 
constant. Why is this method more accurate than that of 
Cavendish ? 

A satellite of Jupiter moves about in a circle of radius 1-16 X 10* 
miles completing one revolution in 16-6 days* Calculate the mass of 
Jopiter. G = 6-66 x 10- * C. G. 3, units. [Ans. 1 .874 X 10 s gm.] 

[A. U. April 19S71 

26. Describe any one method of finding the gravitation constant* 
How does it compare with other methods in point of accuracy ? If 
the pull of a sphere of mass 150 kg. on one mass of 20 kg. placed with 
their centres 30 cm, apart is equal to the weight of 0-22 mg. Calculate 
the mass of the earth, given Its radius to be 6371 km, 

[ Ans. 6-148'X 10* * gm. ] [A. U. Oct., 1967 ] 

27. State Newton's law of gravitation. How is the average 

density of the earth estimated ? 

The moon describes a circular orbit of radius 3*8 X 10* kilometres 
about the earth in 27 days and the earth describes a circular orbit of 
radius i-5x 1Q 8 kilometres round the sun In 365 days, Determine the 
mass of the sun la terms of that of the earth. [ Ans. 3*366 X 10 s ] 

\A.U> April 1968] 

28. Write a note on 

* Variation of acceleration due to gravity,* 

[A. U. Oct., 19681 



CHAPTER VI 

.121. The of matter was a subject for inquiry even in 

early times. Even though matter appears to be continuous, some 

Tfctaks of Miletus Kanada of India were able to 

postulate fa discontinuous and it consists of discrete 

It Is firmly that matter consists of mole- 

cules and atoKS. Gases ate more in their behaviour and. laid 

themselves more to study'- than solids and liquids. 

Maxwell of the ccnturf directed their 

attention to them and developed tie kinetic theory of gases. They 
not only explained many of the physical properties of gases successfully 
but predicted 'Desalts- which by experiments. 

That a gas cannot 6e a continuous medium but should consist 
of discrete particles is clear from several observations connected 
with Gases mix with one another freely. They cannot 

occupy tie space, if they be continuous. A gas expands' 

indefinitely when Its pressure fa reduced. ' It cannot obviously do 
10 it of particles are in motion. If it is then 

fiat a gas consists of discrete particles in motion, it should 
be possible to expiate, on this asBomptiqo, the properties of gases such 
as by tie gat laws and the phenomena Hke diffusion* 

viscosity* conduction of electricity through gases, Browulan motion 
eta, by the kinetic theory. 



Fundamental assnmptiMs of die Kinetic Theory 
(*) Emy gas sftjisfr &f & large mtmbw @f 



Tim them & fo small mi piffottiji da$tic spheres. Though 

later Marches have shown that the structure of molecules and atoms 
is very Jmm this simple mechanical picture, the results 

derived on tMs assumption of this theory have been surprisingly 
successful 
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12i. M Is^es tlgatlon 

A few assumptions arc necessary to make an 

investigation of the motion of the molecules 
and develop the . They are as follows ; 

I* The moieetiles of a gas are identical hard spheres which 
tat perfectly elastic so. that there fa no loss of kinetic energy, at an 
with the wall or between themselves. 

2. The molecules travel in straight Hues between successive 
moxtettts. The. 'firm p*Ok* of a molecule ' Is straight. 

, 3; The -time at am encounter on the average is negligible 

tie tafen for .describing the free path. 

4. He. size of a molecule Is Meg%Ible compared to the volume 
of the ceBisfaing vessel. ' 

5. Mutual forces of attraction {L&, cobedvefoffees}.befcma 

molecules are negligible in a gas, ' ' 

The free path is an important concept Introduced by 

Own*.. It has been deified as the amtoge distance 



125. Fressiire of a gas . ' , . . 

Suppoie a gas is enclwei In a cubical vessel of side i cm. and 

'' : 



fat It contain n molecules. 

Y 




,**A* 







Let m be the mass of each 
molecule. 

Let a molecule travel with a 
velocity e in any direction and 
let m,v and w be Its components, 
along the X, Y and Z axes 
respectively which are parallel 
to the sides of the cube so that 

( ' ' 1 JB *** * 

When tt|$' molecule strikes 
a wal, pcrpoidlcialar to the 
X ;^db i the. velocity components 
v and ^ are not affected by the 
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Impact but the w-component is reversed. The velocity In the 
direction of the X axis becomes u after the impact. 

Now the momentum of the molecule in the X-direcdon before 

impact = mu. 

The momentum in the same direction after impact mu. 

,\ Change of momentum suffered by the molecule in the 
X-dircction at the impact = mu ( mu ) = 2 mu. ... (1) 

Since this component is not affected by impacts at the walls 
perpendicular to the Y and Z axes, we may assume that the molecule 
moves to and fro between the set of parallel walls perpendicular to the Xaxts 
so far as the impacts on those walls are concerned. 

The molecule will have therefore to travel 2 cm* parallel to the 
X axis between the successive collisions on the wall considered. 

;. Number of collisions of the molecule against the wail 
in 1 sec. * ... (2) 

.*. Change of momentum of the molecule in 1 sec. at the wall 
2 mu X - = mu* 9 



C *" c b e velocities of the n molecules, and 



s*"n 






- 



be their velocity components in the three directions respectively, the 
total change of momentum suffered by all the n molecules due to 
encounters at this wall in 1 sec. 

= rm^ + mt* a 2 + .... + mu* n = m J 1 * .... (3) 

If it 2 be the average of the squares of these velocitf components 



^0 . , -, ' ^. ..... 

or g ! "2 -w (4) 

V. The change of momentum in 1 sec. at the wall =* am u* ... (5) 

From Newton's third law, this will be equal to the change of 
momentum experienced by the wall also in 1 sec. (in the opposite 
direction) and hence the rate of change of momentum or force experi- 

enced by the wall is equal to mn 



. iONEZta THEDSJr > GHAfc, 

Since tbe wall fe of unit area, this will .be equal to the pressure 

exerted on the wall, 

,\ The exerted on the wall perpendicular to the X axis. 



An equal pressure will also be exerted on the opposite wall. 

Similarly, the pressure on the walls perpendicular to the Y axis 

s=s mm P S and on the walls perpendicular to the Z axis = mm ar* 

where $ a and a are the averages of the squares of the velocity 

components in the two directions respectively. 

Since the number of molecules in the unit cube is very large, 
and since they have a random distribution of velocities^ there Is. no 
reasorit for the average' values in the three different directions: to be 
diSefent, so that It may be assumed that n 2 = # 2 = w* ... (6) 

/ m* 9 not v = mm w* = p (say) ... (7) 

l.e*, Ac same pressure is exited on all the walls* . ' 

Now from the relations, s = u + c 2 + ^ 



. , . . , . , : $ 

ilfolowtthat Jg c-! 2 S '% .+ Jg ^ 



* * ***** ( ts ? a, at fe .* *** ** 

2 =- *f 2 



^ . 

If c 3 be equal to ...* (the average of the squares of the mole- 

" 



ctdat veknille^ S % 2 = * ..,.' ' '."'.*.. (9) 

and n^ =s H s + n i? 9 + ._ ; {rtai' (8J-' ......... .. ..... 

le,, c**= Sv*~'** S'55"'. Sa^ ' '' ... -. fkwm (6) -..''' 



to tbe kinutk theory, the prc^ure exerted on 

aiif oae of 'the'waib of the unit cube, = mm 

. , . ., ' - ' 3 , 

m p * 4 ml* , . . ^ ..,, (IQ). 
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Since m is the mass of a molecule and n the number of molecules 

in 1 c.c,, m X n *=* the mass of the gas pet c*c 

= P, the density of the gas 
1 

' P s _ P f2 

r * -~r~ r 



126. Root mean square velocity 




c^ is called the root mean square velocity. 

Equation (11) for the pressure of a gas enables us to calculate 
the root mean square velocity of the molecules of the gas if the 
pressure and the density of the gas are known. 




Thus - - or * , fi ... (12) 






In the case of hydrogen, for instance, the density at N. T. P. 
m 0-00009 gin. per c.c. 

3 x 76 X 13*6 X 980 

0-00009 
= l*84r X 10* cm* pet sec. 

It D&ay be noted that c 9 the mean molecular velocity is not 

tie same as the root mean square velocity, A/ 

+ ../' 



n 



and 





n 



JT -nnmm*""""""!! 

_ J^ 

, according to Gl&ussius and Maxwell ? <i A / <? 3 

127. Deduction of gas laws 

(a) Boyle's Law: The pressure exerted by a gas, p 
=* | P ^> P being the density of the gas and . *; the mean square 
velocity of the mqlecules. 

If s is the volume per unit mass of the gas, P 



|g4 imwnc tH&o&t 

i i 

1 m 

Now according to the theory, the average kinetic energy of the 
molecules f '"* J regains constant when the temperature is 

constant. 

A 7* . is constant when the temperature is constant. It thus 
that p m a constant for a mas of a gas when the temperature 



is constant. 

This is Boyle's law, 

Again 



temperatare, T and m is a .constant, It follows from ( 13) that 

fv oc T ... ... (14) 

Le., the volume of a mai of gas varies as its absolute temperature 

when die pressure of .the gas is constant, and the pressure of a mass of 

gas varies as its afoiolfite ten*petature when the volume is' constant. 

Tim is Charles* law. 



128. Gas 



lattodudng the constant of prp>rtin 'R in (14) we get 

. p* ** RT _ .... (15) 

nd T bdng the pr^sure, volume of unit mass and absolute 



temperature erf the gas~-7qpedmiyr ............ "H& fc f|ie' gas equation. 

US. Temperature mm! Energy 

Applying relation { 13 } to a gram-molecule of the 
s if V be the volume occupied by the gram-molecule, 



* ^ R T(say), 
whew M is the molecular weight of tl^ gas and R the gas constant 

for a 
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But M = Nm where N is the number of molecoles in a gram- 
molecule of the gas ( I.e., Avogadro's' number ) aad m is the mass 
of each molecule. 



.". R T - _ 

or ^. T -4-.T? 

Now, let 2- = * ( Boltzman's constant ) 

j 

then m c* * &T, 
o 



I . 3 

or _L me* a IT. or, the energy of a molecule, E = kT. 

130. Avogadro's Law 

Claussius and Maxwell showed that when two gases are In 
equilibrium, the mean kinetic energy of the molecules of one gas will 
be equal to the mean kinetic energy of the molecules of the other gas. 
But when there is equilibrium between the two gases, their tempe- 
ratures should be the same. Therefore the mean kinetic energy of 
one gas is equal to the mean kinetic energy of the molecules of the 
other gas when their temperatures are the same. 

Consider now unit volumes of two gases at the same temperature 
and pleasure. 

=* J w^rti^!* for the first gas, 

= i m n n*c% for th 



Since p^ - p*, m ii c i 3 = m a n 2 (? 2 3 f 1 ) 

At the same temperature, the mean kinetic energies of molecules 
in the two gases are the tame. 



or iWi^i 3 * m a tf 2 2 ** W 

.-. From (1) and (2), n l * 3 . 

This rektlon can be extended to any number of gases and thus ft 
follows that equal volumes of all gases at the same pressure and temperature 
0*tfflta the same number of molecule*. This is Avogadro's law. 
131. Dalton's Law 

The pressure of a mixture of gases and vapours which do not 
$inpcallF Interact with oa another is cqml t0 tta *um of t}ie 
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which one of them would exert if it alone occupied 
the at the same temperature. 

Let !, j*g....be the masses, 

a % ....the Bombers of molecules per unit volume, 
t^* 9 2 *.... the mean square velocities of the molecules 
occupying the same volume at a certain tempe- 
rature. 

The pressure exerted bf them when calculated from the fundamental 

of the Hnetic theory will be 

t = ii*i*i* +J*iVa * + (i) 

But' If the imllficiiial gases alone are present and the pressures exerted 
by them are p ls f s .^.respectively, 



} 



From (1) and (2) It is seen that / x + 

Tim is 'law. - . . v 



132, Mmm free pmf& ' a 

73k man /w path' &f & m@l$le to &em dejimd a$ the 

Ustmm a mokmh tmmh twtmm tm mcc$$$we coVmms. Its value may 

be deduced in a simple way as follows : 

Let be the diameter of a molecule. As a molecule, say A f 
moves forward, it can have an encounter with another molecule 

only when it approaches the latter so near that die distance between 

their 'Centres is equal to or less than &, , . , 

Let us suppose that A is moving with a velocity c t equal to the 

average velocity of the molecules. 

Imagine that, m ihi gas, the molecule A alone is moving and that all the 

m at rtst. As the molecule moves a .distance c in 1 see*, we 

suppose that a cylinder of length c is described which has for Its ads 

the path of the centre of the 
molecule A, and for its radius 
of cross-section a value equal 
to ir. If the centre of 
< .,................... c .........-....* another molecule lies within 

'' ' " ^ '< Pig 5 So ' this cyHnder^ the condition 




VI. 
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for collision will be satisfied and the molecule A will collide with it. 
Thus there will be as many collisions for the molecule A in 1 see*, as 
there are molecules contained in this cylinder. Now the volume of 

the cylinder = *K& 2 c. 

If n be the number of molecules per c.c. in the gas, the number 
contained within the cylinder = 

: m No. of collisions per sec. = 
aad the averase time between two successive collisions = 



Hence the mean free path (or the average distance between two 
succeisive collisions), 

\ x- 



It may be noted that in obtaining the expression, it has been assumed 
that only a single molecule Is in motion while all the other molecules 
remain at rest. TaHng the motions of all the molecules into consi- 
deration, Claussius and Maxwell obtained different expressions for 
X proceeding in slightly different ways. However, in all these cases 

'1 " ' ' ' 

it is definitely shown that X * r Since r is a constant for the 



molecules of a gas, it follows that X . * * 

: ' : n ' , . ' *" -'. 

But n (the number of molecules per ex. ) depends upon the 
pressure of the gas, p. 



, ^ 
.. The mean free path, X = 

P 

ie., the mem free path of a mokmU wries inversely as the frwswr* of th* 

ga$ 9 temperature remaining wn$tmt. 
133. Brownlsa Movement 

The phenomenon of Brownlan movement gives direct evidence 
to the Hnetlc theory of mattet * 

In 1827, Brown, a British Botanist, observed through a micro- 
scope that small pollen grains (0-0001 cm. In dia.) held in suspension 
in water, were in constant irregular motion. This erratic movement 
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of the attributed by Brown to the vital forces that the 

% . * 

Subsequent has repealed the nature of the phenomenon. 

The .same of incessant Irrignla? motion was observed In 

the case of all particles held In suspension in water. Such 

suspensions are called colloidal solutions. 

The mmmmg irregular k&$ been reconsidered to be dm to the 

is- going m within tin liquid. 

The molecules of water are so small that they cannot be seen 
by ettH the powerful microscope invested till now. But the 

particles, while they are 1% enough to be seem by a 
, are a:lso sufficiently small to respond to the collisions 
of the surrounding water -molecules. Since the velocities of the: 
latter are distributed at random,, the resultant change of momentum 
due to their impacts on a suspended, particle will not In general 
be zero and consequently the suspended particle will move in the 
direction of die, i^^siomentam gained by Ac particle at that instant. 
The process of impacts goes on without mterniptlon and the suspended 
particle' goes on moving and continually changes its- direction 'of 
motion* An unceasing ' zig-zag movement' of the particles is .thus 
teen under the microscope. 

Brownlan movement, was alio found to be exhibited by suspended 
particles In gases. The movement of the particles in gases was 
found to be more vigorous than those in liquids which is in accordance 
with Ac Mnetle theory. 

Berrfn conducted experiments to determine Avogadro's number 
(N) based on Brownlan movement and obtained values which were 
in fair agteement with values obtained by other methods. 

Brownlan movement is therefore taken as a direct evidence erf 
the incessant and haphazard motion of the molecules in liquides 
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DEVIATIONS FROM BOYLE'S LAW 

134. According to the kinetic theory of gases, the product 
of pressure and volume of a gas should remain constant at constant 
temperature. Tills relation which is called Boyle's -law should' hold 
good for ail gases. It has been actually found, however, that 

while this relation holds good when gases are studied at very low 

pressure, dere are cmtsidifable deviations ff&m the law mhm tk&y are 

ml Mgh of even moderate pressure* A gas that obeys Bo$$ law 

is mlhd an ideal gas. The behaviour of gases at Mgh pressures has 

been the subject of study by several scientists. 
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(a) Despretz in 1827 conducted a series of experiments on 
different gases and compared their behaviour with that of air. 

He arranged four barometess . side by side in the same cistern 

aad admitted equal volpmes of different gases, into different tubes. 
The mercury levels in all the tubes were at the $ame height to start 
with. They were then put in a strong glass vessel rilled with 
water, fitted with a screw so .that ..aSi the gases were subjected to 

pressed 



different extents. Certain gases, cyanogen- s*md Mwojila underwent 
a great reduction in volume and wore even %ueled. * He observed 

that air and hydrogen behaved in the same manner up to 15 
atmospheres but above that pressure hydrozen was less compressible 

'than air. 

These experiments clearly show tbaf iof le^s law is .not satisfied 

by any gas whatsoever,. ., . '< 

( b ) Hegnaialt's experiment 

Eegnauk, who conducted a series of experiments on a number 
erf gases* '.ornted two barometer tubes A and B la a closed vessel 
V into which mercury could be forced from a side tube at 1&-. 
Oae of the tubes A was provided with a tap S at the upper aid 
it was filed with the experimental gas which was Admitted into 
it from time to time when required. The other lube B was a 
long manometer tube which served to measure 
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To begin with, a certain amount of 
the gas having a TOlume was admitted 
into A so that the mercury level in It 
stood at a mark CL The level of mercuif 
D in the manometer tube B was noted 
and the pressure of the gas ( = CD + 
atmospheric pressure, H ) was obtained* t 
Mtfcavj was then forced into the mssd and 
the pressure increased so that the gas was 
mpr$$Mi ft half &f its original wham. The 
pressure of the gas was obtained from 
the level of mercury in B as before. 

Gas was now admitted into A so that 
the level of mercury in It was forced 
down . to C and the- pressure of the gas 
noted. The volume of the .gas at the 
beginning of the second trial had the 
< same value as in the first one. Mercury 
was again forced until the gas was again 
compressed to half the volume. In thfa 

mantlet, the |>re88ure was taised in a series of trials to a maximum 

pressure of' ''30 atmospham and' {rest each trial the product P*. 

was calculated. The product should be equal if it behaved as an 

ideal gas. 

Regnault conducted experiments with different gases and at 
different temperatures also between 2C and !0G. The product 
Pi? for all gases was found to vaif and never remained constant 
as required by Boyle's law. He conducted experiments with air, 
idttogen, caxbcMwBoxMe etc., with pressure Kinging from 1 to 30 
atmospheres and found that the product Pi? decreases as die pressure 
was , increased In the case of all gases except hydrogen. For hydrogen 
alone. Ft increased with increase of pressure. 

(c) Bfmtterw, white conducting experiments to liqueff perma- 
nent gases* wed pressures higher than those employed by Regnault. 
He 1 found that the product Pi? few nitrogen and oxygen 1 - reached 
a minimum at about 50 atmospheres of pressure and then increased. 




Fig. Si 



Tfaeif behaviour above that pressure was found similat to 'that of 
bpdrogen. 
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Amagat 9 csfcMsriiiiciiis 

Amagat employed pressure much higher 
than those employed by Regnault and 

Natterer. He calibrated a nitrogen gauge 

In a preliminary experiment for the purpose 
of measuring high pressures. 

To construct the gauge, he built a steel 
tube CD about a thousand feet long in the 
vertical shaft of a mine. The lower end G 
of the tube was introduced Into a hard steel 
chamber E at the bottom of the mine. The 
tube AB closed at the upper end B, which 
co ntained nitrogen, was connected to E, close 
and parallel to CD. The chamber E was filled with mercury and 
by means of the screw S, the pressure inside was increased to any 
desired value. 

The height of the mercury column above the level of mercury 
in CD together with atmospheric pressure gave the value of the pressure 
to which nitrogen gas was subjected. The level of mercury in CD was 
noted for each value of the pressure, so that the values of pressures 
could be read off directly from the level of mercury in CD. 

The nitrogen tube so calibrated * 
was then used to read the pressure 
in subsequent experiments. Bres- 
snres up to 400 atmos were applied 
by Amagat. In experiments with 
other gases the tube containing the 
gas was fitted to the chamber E, by 
the side of the nitrogen gauge and 
pressures were applied by .turning 
the screw & 

Anaagat studied the behaviour of hydrogen, oxygon, carbon- 

'dioxide etc. The curves obtained by him for difierait Eases and at? 

' ' ' r , I ' t3 ' ,' ' i ' 1 

different temperatures are as in Fig. 83, 84 and 85. 
ai 
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PV p diagram for hydrogen 
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be up as follows : 

1. At low 'pressures, the product PV for aH gases (accept 
hfdrogen) dimixdshes as P Increases a certain value of 
P which depends upon the temperature, the product PV 'increases 

with pressure. 

2. All except hydrogen hae therefore a minimum value 
for PV. . . , ... . . . - . ,,. 

3. The pressure 'corresponding to minimum value for PV 

depends upon the nature of the gas and its temperature. 

4. Hfdrogen alone, at the tempe- 
ratures studied, shows an increase 
in the value of PV as P increases 
even from the beginning. It cannot 
be said on tMs account that hydro- 
gen belongs, to a different category"' 
of gases. It can be noted from 
the 'curves that as the temperature 
at which a gas Is studied is raised 5 
the minimum point shifts towards 
the Y-axis and it may therefore 
be concluded that even in the- 
cases of oxygen and nitrogen if 
the temperature ' is ' ' sufficiently 
high, the ininimum poto would 
disappear and titoe carve would 
show a rise from the beginning. 

The behaviour of gases in this 
respect depends upon the tempe- 
rature' at which they are studied 
as compared to their critical 

( Critical tempe- 




oxygen 



Fig. 84 




PV-P 



far C0 2 



thc temperature 
which a gas can be liquefied by 
Eqtiefied above the critical 



Fig, B& 

die prawR A gas cannot 

boisver great tie premve-' applied m&j be.) A 

cfitical temperature shows a 
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similar to that of hy df ogee. ( Fig, 88 ) A gas dose to its critical 
temperature will give curves with steep drop as in the case of carbon- 
dioxide. (Fig. 85)- studied at intermediate temperature" will 

give elites to obtained with oxygen and nitrogen. (Fig. &|) 

Van dtar Waal 5 Equation 

137. The elementary kinetic theory developed in Art. 124 
has been successful in accoentiEg for Boyle's law and Charles* law 
and leading to the gas equation PV =-RT. The experiments 
described above stow* however, that m gas actually ohys Beytfs km 
#x$if*$ at low pressum. Several attempts were made to account for 
Sic actual behaviour of gases theoretically and modify tibe go* 
equation but no theory developed so far has been ..a complete success. 
Of these attempts the theory of Van der Waals is the one which 
is most satisfactory. He consiiered that the elementary theory 
js defective because it did sot take into consideration (I) the mutoal 
'/mis if i>4twem the moleeahs md (2) the finite st& of the 



(a) A molecule in the interior of a gas is on the average 
surrounded' equally on all sides by other molecules and the forces 
of attraction ( cohesive forces ) which the latter exert on it will 
consequently one another. The motion of the molecule 

is therefore not' affected by the cohesive forces when it moves in 
the interior. When the molecule however approaches a waB 
there are no molecules of its own Mod present on the side of 
the wall to exert forces on it towards the wall. The forces of 
attraction exerted OB it by the molecules lying towards the interior 
are therefore not compensated and the molecule experiences a 
resultant force towards the interior. Consequently the molecule 
wil be retarded on its own journey toward? the wall and ti$e 
momentum with which it strikes that wall actually wiU be less 
than what it would have been in an ideal gas, i.e., a gas in which 
Acre are no cohesive forces. 



The rate of change of Mon^itum and therefore the pressure 
actually exerted would be l$ss than in the case of an ideal gat. 
If the observed pressure be P 3 the pressure exerted by an Ideal 
gas may be taken to be P + p 9 where f is the oomciion to 

* 

applied for the cohesive forces. 
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der Waab that $ is- proportional to ( 1 ) the 

number of attracted and ..(2) the number of molecules 

Now each one of these numbers is proportional . to 
per unit veiling ie. to the density (p) of tic gas. 
;. f ocf x P or p oc p^ 
But |the density P varies inversely as the specific volume of the gas* 



, . .. A oc or 

r * 

where n is a constant, which Van der ' Waals assumed to be independent 
of temperature. - ' ' 

Hoace die pr^sore 4at would be exerted by an .ideal gas 

would be ( P + ~ }. .''... ' 

(b) Molecules haw a definite size, however small they may 
be, and they occupy a certain fraction of the volume occupied by 
lie gas. The velum in which the molecules are 'therefore free to 
move is las than -the observed volume, w of the gas, by an amount 
which depends upon the total bulk of the isoteoifes in the gas. If 
Ais correction be *, the .. volume corrected for finite tize of die 
molecule becomes ($ I ). 



Tfaerefote^iratead of FP =.RT,.the gas equation according to 

dor Waab 




and * are constants for the gas and are to be determined 



^ He equation ! found to express the behaviour of gases mndi 
better than the gas eqtiation, but is not in complete agfeememt 

the behaviour of 'ail gases. *-,,,. i 

f " 

"". i ','-,,' '' ' ' * 

It dboi^d ti^C'i3te be considered to be ,not quite correct. 



I*,' ' Dciimi. Va& derWaah* eqntti>m of state itf a gai. ' ; '' 

"IBTSi* *V * *tt' M jM. ' ' ' > ' 

*uMi me 'lua^io^F, >,of ; molecules per c.c in a - gas, given 
mean free path ol the ga$, is 1*83 ;X . , !<>- on^ , ani| 
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its molecular diameter U'- 2-3 X JO"" 8 cm. using 'Maxwell's expression 



f r X - ^' 2 ' 325 X 



8. Calculate tbe molecular K, EL of hydrogen at Nv T. P. 
(R = 8-8- X 10* ergs.) [Anf. 38.99 XlO 9 ergs. ] 

4. (a) Explain how real gases deviate from Boyle's, -law. 

(b) Derive Van der Waals* equation for a gas and indicate 
graphically the P - V relation for the gas at different temperatures* 

[4. U. March, 19S1 ] 

5. Deduce an expression for pressure exerted by a gas from 
elementary kinetic theory. Explain why a gas is heated on being 
compressed and cooled on expansion, from kinetic theory. 

[ A. [7. SepL, 1962 ] 

6. OG the basis of the kinetic theory derive an ' expression for 

the pressure of an ideal gas. Hence deduce Boyle's law. Also 
obtain an expression for the mean free path for a molecule of a 
gas- [A. U.Sept., 1964] 

7. How do you explain Boyle's and Charles' laws from the 

point of view of kinetic theory. Discuss the concept of absolute 
temperature on. the basis of the kinetic theory. Calculate the density 
of Helium at 50 atmos. and 27 C given that the gas constant R = 
8*31 XlO 7 ergs, per degree. ( 1 atmos. = 1*0 13 XlO* dynes/sq. cm.) 

( Ans: 0-008125 gm./c.c. ) [A. U. April 1965] 

8. From considerations of the kinetic theory, obtain an expres- 
sion for the pressure of a gas. Calculate the total kinetic energy 
of the molecules contained in 1 gnu of oxygen at G. 

(R aa 832 Joules pet degree) 

( AM : 223 Joules) [A. U. April 1965.] 

9. What are the assumptions [of the kinetic theory. Derive 
an expression for the pressure of a gas in terms of density and 
molecular velocity. 

A gas is heated so that, the density remaining constant, the 

pressure is doubled. . What is the increase in the root mean square 
vdbcity of the molecules ? (Aw : V~2~~ times) [A. U. %*., 1965 J 



166 

..10, (a) Describe Atnagat% OB the deviation of 

law. What are Ms main conclusions ? 

(b) Describe an experiment to determine the compressibility 
of wafer. ] A. U. %f. 1965 ] 

11. What are the assumptions underlying the kinetic theory 

of ? How far are they true in the case of real gases ? Derive 
ail expression 'for the pressure exerted by a gas oa the basis of the 
Mnetic theory, Tlie density of Nitrogen at N. T. P. is 1-25 gm,/iitre. 

Evaluate the .root mean square velocity of its molecules. 

' ( A*t : 4*93x 10* cm./sec, ) [A, U. M&tvk 1966] 

12. Describe " Regnaulfs and Amagat's experiments to study 

gates midef Mgli pressures. Discuss the importance of the 
obtained. [ A. U. OcL s 

IS, What are the assumptions in the kinetic theory of an 
idea! gas ? 

Deduce the perfeet gas equation acowiiiig to this tlieorr. 

Cataiate lie E M. S. wJfocity of Hydiogai molecules at 200CL 
The deimty of hydrogen at N. T. P. =- OQ899 gm./lfere. 
. (Af : 2*419x10* cm./sec, 

' ' 14* Write a note on ifeowniaii 

15. On the basis of the kinetic theory of gases, . derive an 

esptession for the pressure exerted by a gas. Derive Awgadro's kw. 

Rnd die average energy per molecule of a gas at 0*0. Universal 
gas constant *s 8S2x 10* ergs per degree per pa* molecule. 
i number = 60-9X10". 

(Am: 5*595 x 10- 1 * args. } ' &L U. O&+ igfff i 

J 
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138. When two ' substances, which have the property of mixing 

with each other in any proportion whatsoever, are kept in contact, 
they will Inter-penetrate spontaneously until the mixture attains 
uniform composition throughout. This is due to the migratory 
movements of molecules and is known as later-diflusiioaa or diffusion. 

Tks process, whertby the molmiks of me substance migrate spontane- 
ously from regions of higher comcmtratim into regions of tower mc$i&v&- 

tim s is known as diffusion. 

Difibsion in gases is highly rapid while in liquids it is verf 

slow. In solids, diffusion is negligibly small. , 

Consider for instance a gas jar, containing hydrogen which is 

Averted over another containing carbon dioxide, left undisturbed for 
sometime. Carbon dioxide rises up into the upper jar even against 

gravity while hydrogen penetrates into the lower one until finally the 

mixture becomes uniform. : ; , . . . . 

'Similarly, if ..two liquids, which can mm,/ are placed in contact 
in a vessel, the layer of one liquid lying over that of the other and 
left undisturbed, each liquid .penetrates into the other until they gyre 
uniformly distributed ia the vessel. To .;. a^dke : this dearly visible, a 
coloured liquid like coppef sulphate solution or potassium dichromate 
solution is placed at the bottom of a tall glass jar. Clean water 
is then poured over the solution gently and carefully so that the 
line of separation between the solution and water is clearly seen* 
If the jar is left undisturbed and observations are made from time 
to time, the characteristic colour of the solution will be found to 
have spread upwards. A gradual change in the depth of the 
tint will also be seen in the solution and this change continues 
until the entire solution in the jar acquires uniform colouration. 

Solids are also found to diffuse into one another in negligible 
amounts. Austm found that when gold and lead were kept in 
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contact for a number erf fears, a little trace of each metal was 
found in the other* 

Kinetic theory of matter 'explains readily the process of 
la tie case of gase*, the molecules are widely separated 



<M 

their velocities are considerable so that one can easily 
penetrate . the interspaces between the molecules of the other. 

la the case of liquids, the interspaces between molecules are 

not" m wide and the molecular movements are also restricted due 
to intermoleciilar attraction. This explains the slow rate of diffusion 
in liquids. 

There is practically no migratory movement in the case of 

solids which explains absence of diffusion in them, 

. ". t 

. ^, . : A - DIFFUSION IN LIQUIDS . , . - 

139. Graham's experiments ^ ' " ' 

Graham in 1851, conducted a series of experiments on diffusion 

of liquids* He filled a wide-necked bottle, A, with a concentrated 

" c solution of a salt ( say, copper sulphate } to 

be investigated. The bottle was covered with 
a glass plate and then slowly introduced into 
a larger vessel, B, containing water taking 
can to m that Ift* wzfer did mf get into the k&Me' 
nor tin solution get mi of ike bottle. When 
the liquids settled down to rest, the glass plate 
Fig. 86 was slowly moved sideways and removed so 

that the solution and water were brought into cantact with each 
other. The vessel B was also closed with a glass plate C to 
evaporation* " ' . .. , 




;ri, * f => 



Graham then took out samples of the solution from the top layers 
In the vessel B from time to time with a pipette and detfetmined the 
quantity of ^ salt in a known volume of the solution. _ He conducted; 
expwimoats with a number of solutions and established several impor- 
tant facts. He was* however, unable to formulate any definite law' 
for 
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His conclusions are as follows : 

1 . The rate of diffusion of a salt is proportional to its concen- 
tration, 

2* The rate of diffusion increases with temperature. 

3. The rate of diffusion of a salt is independent of the presence 

of other salt solutions outside but is reduced if the same solution is 
present outside. 

4. Solutions of different salts diffuse at different rates and may 
be partially separated if present together. 

Crystalloids ( i.e., substances like salts, sugar etc.) diffuse 

very much faster than colloids ) i.e., substances such as albumen^ glue 
and gelatine ). 

140. FIck's law of 



Fick considered the various factors which govern the process of 

diffusion and found that they are analogous to the factors that govern 
the process of conduction of heat in a solid* 

Fmrufs equation of heat conduction is 

Q f t. A. TI ~ T * . | .... .., (1) 

. x .. ' . . 

where Q, is the quantity of heat conducted in a time I across two 

plane parallel faces, each of area A- and separated by a distance # k 
the co-efficient of conduction of heat and T a and T 2 the temperatures 

of the faces. . .'. 

Hence the rate at which heat is conducted across 'unit area is 
given by Q, = k TI ~ T * .... . .... . , (2) 

. WW ,''" i/. 

- is called the temperature gradient* 

dfT 

relation (2) may also be written as Q, = k. . 

dx 



On the ^me lines, Fick stated the law 'of. .diffusion .as follows : 

. Q, R,A fl^S.* .... (3) 

wbere Q, is tbe quantity of salt that diffuses in a time ' : | ; c^ e^ are 

concentrations in gin, / c.c* of the salt at two layers 'Separated. by a 

22 ' ' ' . ' e '" 
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x ; A, Ac of the takes . place 

and R is a the difitiftivity of the substance* 

_.- j 

Jl - J is the conceatratiw gradient. 



sc 
The relation (3) may otherwise be written as 



14} 

* * * \ / 

where. Q, o to the quantity of salt that diffuses across unit area 

in unit 

141. 

/ fit 

lift mpr ^ < # 

is ll# fa ZPJ&& a 

If t5 fA* ff ffe substance* 

' & ' **/ *r W? 

Otherwise, il w of salt tMt passes ' across unit' area in unit 

tkt is m 

The similarity of relations ia heat 'conduction and. diffusion 

shows that any result which holds for conduction of heat will also 
hold for diffusion.. 

M2* DifEereBtlml equation for diffusion 

Consider two layers of unit, area of the solution separated by 
a distance 8 x 

Let the concentration at the lower layer be c. 

Ltt the concentration- gradient be* 

dx 

Then, the decrease ia concentration in the upper layer 





SS - _ ft V 

* V * 

mx 



- /. Concentration at the second layer = \c -- ' fc x\ 

\ * /. . 

The quantity of. th salt that the lower; layer .per sec. 

_ 
mcmm area * R* 

'" 



Siaaiiariy, the quanity of the salt that leaves the upper layer 
per ec per unit area . , " ' ; '; 



x \ =R . _R 

~ t ^^ *'* * ^ ^^ *v 

m-' \r rf / As 
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Since this quantity is less than the quantity that enters from 
the 'tower layer, an amount of the salt 



T> 

= K. 



D 

I K, 



% 1> 

. SC = K. 



accumulates la the solution between the two layers in one sec. 
and its concentration* 

The volume of the solution contained between the two layers 
per unit area =* ! 



If ~^f- is the rate of rise of concentration, the quantity of 

dt 



the salt that has accumulated in this volume = - 



dt 



d*c 



x or 



14S. 



, R. 



The diffosivity R of any salt can be determined from the 



relation Q, = R. 



C* X 



The experiment consists of two parts 



(a)- determioation of the rate of diffusion across a. known 

(b) the concentration gradient I -r- j 

\ dx / 

(a) A tall jar is filled with a concentrated solution of the 
salt in the lowet half with' a certain quantity of the salt at the 
bottom to keep the bottom layer always saturated. The upper 
half is filled with water ( i.e., the solvent ) 
without disturbing the' lower half. A -glass 
tube LtJN with a wide opening at M and 
beat as in Fig, 87 is made , to rest on the .' 
jar.' A continuous stieam of the solvent/ 
water, is then caused to flow through LMN 
under a constant . pressure. : TM striam, of 
the solvent - through the tube/ 'carries with 
it the /suit arriving at ' .the opening M, 
After . -a . time, steady . conditions will be 
obtained whoa the : amount of the salt arriv- 
ing .at ;M .become^ constant, .' ... . 
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The out at N is collected for a - known time, 

By it, the of salt that diffused, in that time,, 

is out. The of the opening M gives the area of the 

layer which diffusion into M has taken place* Thus the 

rate of unit area s Q, , is calculated.. 

(b) There ate several methods for determining the 'concentra- 

Jc 

. 

Off 

L 3Lng*s met&od : He had provided two taps at a known 
distance apatt ia the upper half of the jar on one side. He collected 
the water con ing oat of the taps in a certain time and calculated 
the concentrations % and $ 9 of the layers of the solution at the same 
level as the taps. He was able to calculate the concentration 

gradient by meamring the distance x between the taps and calculating 



X 

Bat this value was not accurate as the distribution of concentration 

in the column of the solution itself was disturbed when the solution 
was withdrawn from the taps. Further, the steady conditions antici- 
pated in the experiment (a) were not obtained and the concentrations 
were found constantly changing. 

The value of R was then calculated from the relation 

f\ *& i """"" 2 

%i0 = K. -*- ; - * 



2. Kelvim 1 * metfcsfl : .Kelvin suggested that' it would be 
preferable to make use of any property of matter which changes with 
concentration. Accordingly* he used a series of little beads of different 
densities as floats in the jar of the sohitioa. ; The. beads initially 
floated at the common sarfe.ee of the solution in the lower half and 
die pure advent above. But after a time, at "diffbsioa progressed, the 
beads wete found to arrange ' themselves at difierent layers where 
the densities of the layers coincided with, their own densities.' 

Thus blowing tiie densities of the beads ( by preliminary experi-' 
ments) and measuring the distance apart io the jar, the .concentration 

gradient is calculated- This method is also not very sensitive as 

of air collect the beadj and dbange their density* ' 1 
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144, Other methods 

(i) Webtr, In 1879, devised a method for determination of 

making use of the principle of the concentration cells, The 
dx 

electromotive force (e. m. f.) of a concentration cell depends upon 
the difference in concentration of the electrolyte In contact 'with 
electrodes In the cell. .; 

Weber introduced two zinc plates horizontally at a known distance 

apart on one side of the upper half of the jar in experiment (a)*- 
He measured the e. m. f . between the plates from time to time miid 
determined the corresponding difference of concentration between 
the layers. ., ' ~ 

(II) In the later methods, optical properties such as refractive 
index and shift in the Interference pattern which vary with 
tration are also used. In the case of sugars, the concentration 
be estimated by- determining the- angle through which the plane 
of polarisation of a beam of light is rotated by using a sacdharimeter. 
This angle is proportional to the strength of the solution and its 
thickness. - , - 

B OSMOSIS 

144. (a) Semi - permeable membrane 

It Is a common experience that certain meinbrances allow certain 
Squids to pass thrdugh them, but refuse transmission to others. The 
following examples illustrate this fact ; 

(i) A bladder, filled with alcohol and Introduced in water swells 
In size. But the same bladder, filled with water and immersed ia 
alcohol, shrinks in size. The bladder In either case allows only watet 
to low through it but not alcohol. 

(II) A dried fruit soaked in water, if given sufficient time, swells 
to the full size, it had In the natural undried state* Water passes, into 
the inside through the skin of the fruit, 

(in) Fingers of our hand dipped in a concentrated solution of 
soap (or salt) develop crinkles, as a consequence of the water inside 

the fimgers flowiag out through the skin of. the fingers* 
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( Jv ) An the of is by dilute hydro- 

chloric acid s la IF in but sfirlaks if immersed 

in a strong solution. In either water flows through the 

outer of the egg to the side there is stronger solution. 

as the or the skies, are called 

They the solvent (water or 

liquid) to through them selectively bet not the molecules of 

the in the solvent. . Parchment paper, cellophane 

and de-ultra ted ? nitrocellulose films as semi-permeable 

In all the examples cited above, water is the solvent and it can 
be seem that it out from regions of lower concentration to regions 

of higher concentration of the solute. This process^ by whkk -'solvents 

from -oflowtr into regions of higher 

conceKfretioit) through a is called Osmosis. 

Osmosis plays an important part in . the growth of plants and 
animal cells. The walls of the cells serve as semi-permeable 
membranes. : ' . ' 

Graham separated the crystalloids and colloids in a mixture using 
a piece of Madder. This process, he termed, dialysis. The bladder 

transmits crystalloids and water ia the mixture but not the colloids 
*j_ 

IE It, 

(b} Osmotic Pressure ; : . ;; . > 

A wide glass tuber AR is closed . at its lower end B with a 

semi-permeable membrane such as parchment paper. It .is then filled 
with a strong .solution of sugar, (or salt) in water to a certain height, 
C and inserted in, a beaker .containing water. Osmosis' sets in and 

tite solvent begins to flow into the tube through the 
semi-permeable membrane. Consequently the level of 
the solution goe* on lising. When. the process is allowed 
to place., fb* some days, is fbimi that' the level in 
the tube AB becomes steady at a height say D, . Hr 
hydrostatic pressure dm fo tke ef $Mim : tie 

leml &f w&tef outside* if M .fa be tke ef 

^ " *^ 

the solute, or salt. This pressure is just sufficient 

V a \' to prevent further flow of the solvent into the tube* 
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The low of the solvent through the.- semi-permeable membrane 

into the can be accounted for as : 

csmosis commences, the pressure on solution side of the 
Is doc to the pressure exerted by -the molecules of water 
and the of the solute; whereas, the pfessurc on Uiewstef 

side is due to the molecules of the alone. Due to the presence 

of the molecules, 'to of of to water- moUaiUs 

per m the M* of the membrane b less than the number of 

p&r by molecules on the side. More water 

molecules therefore the solution than that leave it through 

the nemi-permeable membrane. This process goes' on until the 
of water 'molecules entering the solution is equal to the 
number the solution, Le., the pressure on the two sides of 

the semi-permeable membrane due to water molecules is the same. 
The excess steady pressure on the solution side must be due to the 
molecules of the and therefore it is said to be the osmotic 

pressure of the solute. ; 

(i) Pfeffen method : Pfefier employed 
a freshly formed eupric ferro cyanide film 
as the semi-permeable membrane- . in bis 

experiments. The film is . mechanically 
weak and it cannot stand by itself. It is 
therefore caused to precipitate chemically 
in the pores of a porus-pot as follows. 

A porus-pot filled with copper sulphate 
solution is immersed in potassium ferro 
cyanide solution. The two solutions "begin 
to diffuse through' the pores of the 
pot and the 1 -precipitate of cupric ferro - Fig, 87 (b) 

cyanide is formed in the pores where the molecules of the -salts 
come into contact. . . .. 

The porus-pot, A, thus impregnated with a film of cupric 
ferro cyanide is filled with the solution to be investigated. It is 
next closed with a one-holed stopper B, fitted with a bent glass 
tube ODE. A closed U - tube .man$m$te? EOF (containing air 
over mercury in the closed tube) p -connected m at E for measuring 
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the The pores-pot is finally Introduced Into water cantain- 

ed in a vessel V as in the Fig. 87 (b). Osmosis commences and the 
levels of xnercnvy In the manometer goo on changing until the steady 

state is readied, when the positions of the levels are, say, M and N. 
The osmotic . pressure can be calculated as follows : 

Let M and N be the levels of mercury in the manometer 
when the manometer Is exposed to air at E and let L be a point 
vertically below N at the same level as M. 

Now the pressure at M = Atmospheric Pressure, H. 

Pressure of the enclosed ak p = H NL 

ike EF to be of uniform cross-section* ike mlume of 
A* mV mn be tetai to be 'proportion*! to tit* mmpied ly if. 

The volume of the alt in the tube in the beginning, V oc NF. 

LetNF = 1 

Let Mj_ and N x be the altered final levels of mercury In the. 

manometer; and let I x be a point below N t 'at the same level as 
M r . Let the length of the air column, N X F = Ij. 

How If pi be the pr^sure of the encioied air, p X I = Pi X l 
(according to Boyle's law, temperature remaining the same) 

X I 



How, 'the osinotie pteisure P = 

Pfcffer studied the osmotic pressures of a number of solutions 
in this way. The results of his experiments led to the formulation 
of the laws called the laws f osmotic pressure, which are 
given below* This method of measuring osmotk pre^ure is- found 
to sitfier from -.certain difficulties. The semippermeable 



is very weak and Is found to burst when the osmotic premises are 

high, Futther, long intervals of time days have been found 
necessary for the levels of mercury In the manometer to become 
steady, 

(H) Morse and Frmzer*s method : 

Tfce porui-pots used In the experiments of Pfeffer were found 

lacdkiag in uniform strength and porosity. Morse and his 
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co-workers, In preparing a mixture of 

day for the paras-pots* They the electrical 

means to .the deposit of copper membrane* 

The membranes, so obtained^ are to the mechanically 

than the films by Pfeffer* They U-tube mamo* 

meters nitrogen in a for 

measuring osmotic pressures* The porus-pot A in these 

experiments water. and the metal cylinder G into which 

the pot was contained the the manometer, M. The 

copper ferrocyanide fiim 5 in the wails of the pot, was found 

to stand much osmotic pressures in reverse direction 

than in Pfeffer's experiments, Tbe 
osmotic pressure was measured in 




the same 'manner as IB Pfcffc/s 

. The obtained 



.f- Solution 



Water 



'A = 




M 



yp 



and Ff azer were found ^ Solution ~_^s 



to be closer in to the :'' c> 

gas laws s ia the case of dilute Fig. 87(0) 

solution . than those of PfeSer. However, the divergences in-, the 
case of stronger solutions found to be considerable. As in 

the case of gases, the product PV is found to increase rapidly as 
the osmotic pressure increases, ' ,. ' ' " " ' ' 

'!? 

(iii) Berkley Hartleys method' 

Berkley and Hartley obtained more accurate results by measuring 
the pressures needed to be applied on the solutions to -couateracfc 

osmosis > 

. ... . The ponu-pot with copper fetrocyamde. r films, deposited in its 

walls contained water. It was surrounded. ; by a jacket, fitted with 
a piston IP", and connected to a manometer M, containing 
'solution as in the -Fig. 87 (d). The pressure on .the solution was 
Increased by mewing the -piston in, until the level of the water: in 
the side-tube connected to the poms-pot remained the same as ^t 
the beginning. This shows that the water not. passiag into 

the solution '.through -the porus-pot. The pressure -on the solution 
was, read from the manometer. This ptcsiurc is -equal to the osmotic 
' pressure of the solution. : ' . : . . y ' ' 




membrane in 
was not subjected 
to strain as in the other experi- 

ment, as the was 

by the external pressure. 
The taken in experiments 

was much less compared to the 
Kg. 87 (d) ^ mt required in the other expcri- 

Further^ the concentration of the solution remained steady 
as was no flow of water into ii and the relations between 

osmotic pressure and concentration could be more accurately 
established. 

A. 

(c) Laws i 

1. Pfeffcr from -his experiments' that the osmotic pressure 
for any is proportional to the concentrations of that soluie 
to' ; the solution, ( the solution is not an electrolyte. ) . . 

( i.c., the pressure, P oc -concentration, e) or P oc * ..,(1) 

2. VariY Hoff,, making use of the obtained by PfefFer, 

showed that the is proportional to the absolute 

temperature (i.e., the osmotic pressure, P oc absolute temperature, T) 

or P oc T '"' ...(2) 

It follows the above two laws that 

, P oc & T or ?. . T , -. . . . ; ..-.(5) 

k I- a 



If -V is the woleme of a solution containing 1 gram-fflofeciile 

1 , ' 

of flie'lislej = : e"- ( concentration, being mc^rttl ia gram- 



per c,c. c the solution)- and we get PV=*i T -...{4) 

Experiments showed that for solutions of low concentration 
{ i.e., for infinite dilution ), t Is found to be identical with the gas 

j, ft* "''..- ". . t -.:- ;. , '>* 



'The relation (4) may therefore be written as 

PV=RT which is the perfect gas equation. J 

It follows from this Identity of rriatioBi :that, if A* mhtfe weu 
m the form of a gas ol the temperature ami ' the same 
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us ly the solution, the pressure ty the gas will 

h ike as the pressure. This leadn to the formulations 

of law for dilute solutions* It be slated that* 

is of Ifc nl /&* AMR* III? (um0& pressure 

will be the of of the &rs present 

in of the It is thus the osmotic 

of a can* be explained on kinetic theory just as 

of a can be explained. 

(d) of a 

The above a liquid kept In an enclosure Is saturated 

with the vapour of the liquid. At .every Instant, some liquid will 
be converted Into vapour and simultaneously, some vapour will be 
converted back to liquid. There wi|l thus be the" process of evapora- 
tion and condensation taking place at the surface of the liquid 
continuously. They take place In such a .way that there will be 
equilibrium between the two processes and the space above, the 
liquid is saturated with the vapour of the liquid.- The pressure 
exerted by the vapour In this state is maximum ( at the prevailing 
temperature ) and it increases with the increase in temperature. 

It is observed that the w&pmr pressure of a s@l$&m is less thim 
ffcof f the pure 'solvent at the mm temperature .This "is theoretically 

explained as follows : ' : 

Lei a tube A, closed at , the lowet end by means of a semi* 
permeable membtane s be dipped into the solvent contained in a 
vessel B 9 kept in a closed enclosure as in the. Fig. 8? ($).' Let thf 
solution under Investigation rise to the point M 
fit the. tflbe A f wfien the steady slate is inched. 

- The vapour at M is in contact with fee surface 
of the solution In the tube A, while the vapour at 
N is in contact with; the solvent in the vessel B. 

of the 



Let Pj, .and-.'--Pi| ..be 
M and N respectively. 



Tfaen.P 



9 



0f at N 

-i i, 
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( I the MM and , the density of the vapour ). 

If a L is the tube at the level as N 

the at L = P T + A P g .-. . ( 2 ) 

P the of the solution* 

' .If P is . ;. 

at L at N P 

or (P z +APg) - (P! +i.*g) P . 

. 9 PAg(P-c) 



From ( I) and (3) we get 

' ' ' 

~" * ** * 



and P 2 - Pj oe P ... {5J 

I.e., li^ eftiu mpmt pressure' of tiw s&lmnt is pwportim&l 

to tki tsmotfa.pnssxre... 

, But, the osmotic pressure Is proportional to the concentra- 

tion of the solution, (measi^ed In number of molecules of the solute 
per c.c. of the solution), .; 

The lowering of the vapoui pressure oc concentration, ^ 

or P a - ' P! oc c ' : ... (g) 

The relation (3) can also be expressed In tet ms of the specific 
volume, 9 of thte vapour* Neglecting " w is comparison witK P, the 



(4) becomes P, - P f = E . - - .' ,. ,_ , (7) 

"* ^ = I" *** 
. . ..... *./ . 

-specific ^uoi of the vapour at the normal 



pieric 

the mpom as a gat) 



( V c - 

" ' s 



or : P: Pir V c - and 



(7)foP^;P a - 



* 



/m 

(9) 
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The of the <r in this km bem asmm&I to 

wdformffom Ihe top to the c>f the This assumption, however* 

holds when the of the column Is small, Lc., when ihe 

*W* . Cr" ~ * ' 

concentration the pressure are small* , 

. - [A relation which docs not involve this assumption can bg 

obtained as folows : 

If p be the pressure of the vapour at a height h above Ihe surfoce 
amd 9 density of the vapour at that -height, we have, for a small 
height dh> dp = . g . <r . dh .... .~ (10J 

( p sign indicates that the pressure decreases as h increases* ) 

P ^*& " P^f\ 

Since ==s ^- or 9 = - 

"" (where ro is the density of the vapour at the 
standard pressure P temperature remaining the' 
asatne.-) 

... : tar 

.dh 




dp = 



or dh =, 



o 



and 






H 



Fig, m (a) 



of . H =* 



Hence 



^. H 



Since, however, the osmotic pressure P = 



p p :: 

r *:Q 

of 'Boffiag ..'Point 



(11). 



It is, known that a liquid boils at a tempera tute at which Its 
vapour pressure is equal to its external pressure and this temperature 
is called tte boiling point. Thus, If the vapour pressure of a liquid 
equal to the external pressure at .T* A, the Kquid boils at 
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A. the of the solution is less than that of 

a solvent, It that ihe vapour pressure of the solution will, not 

be to the at T* A, the boiling' point of the 

The be to a say (T+rfT)A 3 

in dcr Its be equal to' its external pressure* 

ie., the of the will be equal to (T + *FT)* A* 

a temperature the point of the solvent, '-'"' 

of Ac boiling point of the 
that of the solvent' may be 
calculated from Thermodynamfcal conslde- 



Seits fi 



f? 



at 
T 



D 



as follows : 

Let A and B be the two ..... compartments in 
a vessel separated by a semi-permeable 

CD* Let the compartment A 
contain the solution snd the compartment ^ 
the pure solvent and the space above the 
solution in A and the solvent in B contain 
die vapour of the solvent* Imagine that 
solvent Is malntaacd at TA and the 
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at (T -f- d T ) A, so that the vapour pressure is the same in 

flic two compartments. Then TA and (T + /T) A, represent the 

boilng points of the solvent and the solution respectively for- an equal 
external pressure* " -. ' 

Let the following cycle of operations be performed now: 

(I) Let 9 ex, of the solvent (. being the, specific volume, 
Le* the volume of 1 gm. of the solvent.)- be forced from B to A 

against the osmotic pressure P. T ........ .: 

mf ' a . ............ -,.,.. 

Hie woik done in , this -process, is equal to P. X 

( fi } L^ the 9 c.c. of the solvent be now evaporated, in the 
fcompaitoent A. If L 1 be the latent -heat "of ...... the solvent a* 

(T + iT}* A, tiae energy atebed, Q^ in this process is equal 
to L r fdhn^ the mass of the 9 c.d. of Kbe solvent is 1 gm.) 

(ffi) Let' this "vapow. be transferred from ,A to B. Thete 
& M $x$ma$nm of work in M$ fie vapour pressure 

is the same in A mA B. 



AMI> 
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( iv ) Let this vapour be BOW back into the liquid 

at T A. If L is the latent of the solvent at T* A, 

tie gfvi out in tfais process Q, a , Is equal -to L, 

This .series of operation can be making * dT as jusall 

as 'we and the can be carried out as $lm as 

Ii B seen that the can be performed in the m*** 
also. 

We will have, the Law f Thmn*- 

Work performed iT fl . 

* . S3 " I Jt 1 

Heat given up T 



JL A P JT JL . A A!-. _. 

rtw jrf _ , where r w 

Of . rfl - L pL WMC^ r , 4| 

of the solvent^ is equal to 

Hb illation of the paint &f tht gfvta sohmti 

1 gm. wlmde fi^mlnU M$$&id in 100 gm* of It* $dvm% it wlkd 

eleiratioM 0f tlaa boiling point. . . ; . . 

(It Is implied that in this case fetere.,is m, &$$wfotim or 

of the m&lflffl&l&s of the solute ) 

(f) The elevation of the boiling point of a solution In the 

water as solvent may be calculated as follows: - 

'- The 'osmotic pressure produced by a solute ia a solution can be 
calculated from the relation PV - RT (Seating the osmotic pressure 
to be equivalent to .the gas pressure.) 

'Suppose that a gram-molecule of oxygen (i.e. 9 32 gm.) is 
dissolved in 100 c.c. of water, concentratien (as measured by number 

of gtam-molecules per c.c. = $^ gm. pet c.c.' 

The volume, V 5 occupied by 1 gm. of the solute ^^ c.c. 

The gas constant, R is equal to 2--S96 X 10 ei^s par degree 
(per gram). (As calculated from the gas equation PV = RT assuming 

denaty of oxygen at N. T. P. to be 142:gm. pw litee.) ' 



fgf . 



of = 100 G = 373 A. 

'Hence in the P = RT 5 we have ^ 

p x %*f- - 2-596 X 1C 6 X 373 
or P = 3.098 X 10* per sq. cm, 

ie* f the by a gram-molecule of a. 

. 100 c.c. of Is to X Id 8 per sq.. pol- 

itic elevation of the Is given 'by ' 

' /f '- LL - X 10 s .X 37S .. ... 

~ PIT * '0-958* X 540 X 4482 X I0 7 . . , - ; ,' 

544 

{ the density of f 1 at its point being assumed from 

tables to be 0*9584 gm./c.c. the heat of steam at 

1QOG 40- cals. per gm. i.e., 540X4-182X40 7 ergs per gxn. ) 

Now since the elevation of the boiling point depends only 
opoh the 'concentration " of the solute In the solvent. Its value will 

be the same whatever solute may be in solution In water. 

Hence the molecular elevation of the boiling point of watei 

' 



' '' Tills value is .found to agree qiilte well with the results obtained 
from experiments j thus vetyfyifig the theory -of Ib6 osttotkr* 



, . . 

A -stsnllar treatment' can be made In 'the c'ase : of fusion 
ln tfafe Fig. 88 '-(b), let TA the ' freezing paint of 

the solvent in the . comparttDeaft Band' (T <T)*A 



point of the sdlutiom, the eacteEmal pretsure in the 'two. 
A and B befog ..the same. "Lei -the... following .cycle of 



operations be now performed. ;. . , ,... ;: ....-.-.. . 

(1) Let 1 ~gm* of. the ' solvent . ( occupying u : ex. } be forced 

ftt>m B to A* . ' ..... .. ; -. , . .. . . .-' .'.' 

The work A>ne Is- eqmal. to I 1 X^ .. ,,. ... ' .,- .- : ''. . : ; ": . . ,, ,. 

{It) -Let the qoantftf 'be. now frozen in, A. The heat ''liberated 

fs equal to L 1 (where L x Is the latent heat of 'solidification " at 

(T - dT) e A, , .'. ' .- 

&B& .the .-aolii- 'be tetmfercd. -from A to B.. No work is 



In the process since the external pressure is 4he same In 

the tiro compartmcnts . ' ' 1 ' * 

(iv) Let the solid now be allowed to melt, completing the cycle. 

i The amount of beat absorbed is equal to L whew L fa tl 
latent heat erf faslom -at TA. 

vn lam, w before, from the Second Law of Thermo* 



P ^ 

PL 
PT 



or 



,, 
PI) Hie molecular of point of water 

lowering of the "when a gram^mblecole of anf 

fe In 100 gm. of the solvent ) can 'be calculated 



as follows s 
The P is from the relation PV-RT 



o, P 

Of P 



Now, R = 2-596x10 6 ergs per degree (per gram). ^ ^ 

that a gram-molecule ( 32 gm. of oxygen ) is dissolved in water, 
the osmotk pressure P is given by 

P R X T = (2-596 X 



(100/32) 

2-27 X 10* dynes/sq.cin. 

To calculate the lowering of the freezing point, we 
L = 80 cal./gm. .- 80 X 4-182 X 10' ergs/gm. 
p, the osmotic pressure = 2-27 X 10 dynes/sq.cm. 
T = 273 A and P == 1 gm./c.c. 

PT 2-27 X 10 X 273 

pL" = 1 x 80 X 4-182 X 10' 

ft . irfflilllli W h ^ ,. ^ TJ ^ f 

Thfe value for the molecular lowering of the freezmg point Is the 
same fo any solute dissolved in watet and it - -^ 'fii 



(i) Maleciilmr weight of a fmbtance , . - -A 

Hie molecular elevation of boiEng point of water (or the 
mokciilaf depre^ioii of the freezing point of,wato) !? i Indep^nd^it 



AMD . 

6f Ae solute in water. Thus the 

of the boMfflg point (ov the depression of the point) for 

^e riven. conceointiQii of the foltite in water 5 the molecular weight 

o 

file cam be calculated, If is equal to that 

is, when dissolved is 100 gm. {Le,, 100 G.C.) 



0f water produces an elevation of 5-34*G in the * point 

(or a depression of !4*G in its f feezing point). 

( j } Osmotic prossinre of electrolytes : 

In Ac case of electrolytes ( Le. sohrtiaas which dissociate 

on passing .an electric current through them), abnormally high 
f^splts .are., obtained for the osmotic pressure and the elevation 
of the bcsstlsg point. It .is explained that the molecules of the 
olntfc .in a$CB 9 .have, lyad^gose dissociation into ...positive 

and n^ati^e ions and the faer CMC in the total number of such 
particles present is responsible fot this behavior, If 9 for examples 
in certain solution, x gm. molecules of s^ute are diolvai in 
100 gm* of water* tbe rise In the boiling -should be 

(* X 5*M)G provited tfaare is no^ dfeociatfoa. If dissociation 
lakes place, for evetf molecule that dissociates there will be two Ions. 

Let ci be tbe degree of dissociation so. that the of mole- 

cules thai are dissociated becomes .,& x and the corresponding number 

of SOB*. 2 & x. The number of undlssociated molecules is { 1 a ) x. 

The total number of ions and, molecules present in the solu* 
tic .2 * * 4* O *) x * '"-( I + ) 

J ^^ * Tk ~ "' ' 4r * * 

The observed elevation IB the boiling point will have 'to be 
5*84 x (1 +'} instead of 5-S4 #; if Ae above reasoning .is 
correct, From . the values . of the molecular .elevation of .the 
boiling ' point obtained .hi experiments on electrolf tes, the degree of 
dissociation & was calculated. This value of tt, so calculated} 
fa fraud to agios with the value obtained from the measurements 
of electrical conductivity. TJae dissociation theory is therefore 
taken to explain, the abnormal results lot. osmotic pressure ' and 
the elevation of the boiling points, > : . : : . 

(b) In the case of colloids, abnormally low values for the 
osmotic piessu?e were obtained. This has been explained by 



VX1, DIFFUSION AND OSMOSIS 

is association of some molecules erf the tolute 
Is the solution so that the number of particles of solute is t less 

than tlie number Indicated by the chemical formula* 

C DIFFUSION IN GASES 

Ttte rate of diffusion in gases is also found to obey a law 

to FSdk*s law and the coefficient of diffimoii is found tso 

be different for different gases and also to vary with cowQ^a& 

to extent. 

145, off gues on Kinetic Theory , :<: 

Consider any plane MN in the mixture of two gases. Draw 
two planes AB and GD parallel to MN at a distance equal to the 
mean free path, X* of the molecules, in one of the gases In the mixture 
on either aide of MN. The molecules cam now travel straight from 
either of the a planes AB. of GD to MN Tfpioiit changing their 
line due to collision with othet molecules. 

Let 1 and n 2 be the numbers of molecules of pne erf the gases 
per ex, at the planes AB and GD respectively. 

We msiy Imagine fo^ simplicity that of : . : . 

tile x molecules per c.c- at AB, |- will * 
be moving along the ^asis, 1 along M . ' 

. . . , ; w _ : o. . . . . ' ' . 

tibe jwixis and 1 along the ^axk*. ^ ____ 

^-w-wwwrarnii.iMil 

TaMng into consideration that the 
motion along any axis can be in the Fig. 8S 

two opposite directions, we get the numbet of molecules per c*c 



- . , I 

downwards from the lafet AB tolie ^jual to g- 

Now s since the velocity with which a molecule moves is equal to 
the number of moiecoies that will pass in unit time across unit area 

' '" ' . .'. '' ' ." *- , JS*' ' ' 

AB and reach MN will be ccpal to -i 

' ' ' ^ ' ' ' 



Similarly 3 the number of molecules of the gas moving upwards 

from CD and leacMng MN across unit area in unit time will 




I Ho . ASI? 0SMEQ818 

If ii, is 1S the act molecules across MN 

{ flo ) 

in Ac upward =* - .... .... (1) 



If m be the of a . net amount of the gas 

* " " / * f \ 

dlfftalDg across MN pei pet = nt - ...... 2 fi 1| -- c .. (2) 

, .< fc' "UP 

J I ife ) I " j ',. " If . 

Now according to ' , 



I f fl h:_-i H 

M L_l_ U ^ s'R x gradient .... (3) 

6 . . . ., ' .i. . 

Digcrcnce in 

,Thf distant = 2X , 

\*. Goiacentratioii = m ~ o"-- 1 - 



2X 

^ 1 



.*. .R 01 

ZA 

' ' " = 1^5 

. Grahmsn's law of 
Now If R! and R fl are the diffodvitlcs of the two gases 

(6) 



liVhen "the 'two gases are in their pressures a^d tempe- 

ratures 'are equal m \i M Xs" 



according 



/ 

- A/ 

% * ' 

V 



2 

Vb'flgfr ' W -W Cft 

l, / 




V 




2, 

Px 



* A 



THs fa Graham 9 * law : The- mt of diffusion 
proportional to the square root o 



Ejmim tr l&* process wtufehy & gas escapes into vacuum Jrom a thin* 

vesul through a small kk m fl. . . ' "' ; ' , *' 



PC 
oc 



0a*rosiow AHD osiiQis 19 

Graham earned out a of experiments by allowing diffe- 
rent gases to escape and through small 
in thin He that the of effusion of equal 
volumes of all to , the square roots of theif 
densities* 

.'. Tki tufa of ( 1.0. , mlmmes pet sec. ) m mmulj 

prPTtimal to the sqp&ft of densities* 

148, of om Kinetic Theory 

Consider the effusion of a gas into vacuum through a small hole 
of area V in a wall of an enclosed vessel. 

The molecules strike at the'-' hole pass outwards and 'the 

snmtter of molecules escaping through the hole per sec. oc.^a*. 

7 the average velocity of the molecules* . . . / 

i, the number of molecules pet cc . - 

ot the No* of the out per sec- oc ., a+ a. JL-. (B 

* * ' ' . ".>': j". ! *1it 

It may be that passage of the -.molecules into 'the 

vacuum will not be practically interfered with by the molecules 
travelling in 'the opposite direction since there is vacuucdror the gas at 

Js 

vary low pleasure on the other side. 

T * 

If m Is the of a molecule* 

mass of gas escaping out 'pet iee. : oc. ox . c*:> au {2} 

But A. i* a p 9 the deMity of the gas* 

/. Mass of the gas escaping out per , sec. oc a. ~*T f (3) 
According to the kinetic theory of gases, th$ pressure of a gas 
fa given by the relation, ^ f ^ ^ ^ , \ 

* A MMr 

., : ^ 



Since 





the in^a^ of the gas effusing out per sec. 



r* . . . . 




e., oc a. . Y -- o = . a. 
i b a constant. 





CHAP* 

A The of the gas out per sec. 

ta. A / 30f (6) 

m TO * # \ JP 

'V 

Now lie of two the same hole may be 



Mass of the first gas escaping out per sec. 
Mass of the second gas escaping out per sec. 



Y 



PI 





of the 'first gas out per sec. _ / F 2 

Volume of the gat out per .sec* ^V -f ^ 

JX;# ^f rates of gases / simll&r cmO&m 

f$ mmr '$efy p r 10 1^ oftUhr 



It follows', brad' equation (5). the of the gas effusing 

out per aec. oc 




oc 




Sacc p oc p according to Boyle's law, 
tlie mass of the gas out per 

''"'and hence oc * 

'* ' . 

ftffe nf ^irmi, o/ n jfltf fa therefore proportional also to 

In a mixture of It folows that the proportion " of the 

gases remains unaltered even after effusion 'since each 'gas effuses 
out in pfoportlon to its partial pressure. 

149. 



If the Me through wMeh Ae -gas e$cpi$ fa jm M mt iJtorl as in 
mm of mgld ptocetai* the Jhw of the gas thrmgh It is called 
transpiration (or teal diffusion by aome authors). Gratam inv<ti- 

p^cd die, factors wfaidi govern the of transpiration" and found 

that die tate of transpiration is: / :: 

fopwtical to' the diffcmi^ of prasme on tbp two 

' 



' !! 

{2} Inversely to the of its demitf and 

(8) of the of 'gas- through, the 

, 

15CL on 

A dry A is a stopper 

.a BC. The poms-pot contains 

air. It is into a cot twining some coloured water 

so that the of the C is the water. 

If BOW another D is inverted over 

the ponifr-pot, it is found ;*ir A escapes out through 

the water In the beaker. This i-i is 

lighter air tf hydrogen from D passe s 

into A s than the -air out from A to' D. 

The A, consequently greater 

that acd. the inside A,-, therefore 

out. in the of bubbles the water 

below. But after a time the and ont- 

pide A become equal thc disappear. 

If now the beater D is removed, more of hydrogen 
from A passes out than the air it from 

'-outside. The pleasure A becomes leas and the 

water ia thc 'beaker rises up the BC. After all die by drogea 

escapee out of A, the water 'in BC falls -to its original lend. 

2* Air is passed a tube AB is the stem of a 

tobacco pipe. . It is contained within' a widet tube CD which 

fa 'Continually exhausted bf meaas 
of ..an aii pump. When air is 





passed through the inner-tube i 




from A to B its nitrogen diffuses '' . ,:F%. -90 

rapidly 'ioto GD than oxygen' (since, the ratio ..of 



mitrof en t> oxf gca Is as 14 : 16 } mad the air coming out at 
becomes richer in oxygen. If this process is repeated by pairing 
the air- coming out at B through a of tubes slmilailf arranged 

ait which is manf tim.es richer in oxygen is obtained. 






:; fee to paitialy any 

of 

of of b called 



1. you by diffusion* 

* : " "2. Describe Graham's on diffusion of liquids' and 

explain the at by . i 

3. 'diffosivity*. 

* ' how Ihe diffusratf of a salt 'can be determined 



4, , Deduce Graham's law of from Mnctic theory. 

5. Write notes on : * * and c If f 

: .,6. Wbat is the difference -between' diffusion and 
State feck's law. Explain how is utilised la 



tton of high vacuum. [A U^Sept., 

7, Explain how the osmotic of a substance in solution 

may, be determined and gwe a short description' of 'the theory of 

flie 'phenomenon. Derive the relation between the osmotic pi esfiire 
of a* sohitiom and the difference IE between the freezing' 

f the solution and the solvent, [ Af. 7, &|l., IMS] 

B. What is osmotic pressut e how fa it measured ? What 

tlie laws 'governing the osmotic of a dilute solution ? 

Calculate the lowering in the freezing point of a solution 'having 

we grain-equivalent of a salt dissolved in OEC litre of water. 

1 ' [Af. U.Sept., im 

9. Write a note on .--Ae elevation of the boiling point of a 
solution. [ Af. U. April 1964} 

10. Write motes on osmotic presrore of electrolytes. 



11. Write a note on diffusion in gases. [ A. J7. J^rfl 15i8] 



CHAPTER 111 

151. A over a portion of matter 

of any a in its Tim 

is by ike Is jter m nM of the 

,, . ia 

i.e., the = - - - - - - , 

of the 

TTut (fi) of a is as tiu ralfo .of 

in tike te the pressure^ applied on it, 

Thus* If an of pressure., dp produces a decrease in 

do, in a an volume 5, the eoinpf eg- 

slbiiltf J3 of the is given by the /j " 



(the M sign indicates that the volume as the 

pressure is increased. } 

But the of the pressure to the volume strain has been 

in the on * s as *h - 

of i 

Jfe - ' * 

* * 



Tlsus compressibility *f a mhstam* i$ $$m t be ^ ml fg the 

/ ill 



In the case of gases and liquids the ratio J5L fa calkd tlie 



Basicity of the gas or the iquM since gases m& liquid cantiot 

haw any other strain than volume strain m4 it is the onlf 

modulus that thef can have, 

Matter in all the three states solid, 'and gaseous 

jected to oomfettkm ft n^ ' on ft 




194 CHAP. 

fa the of produced for a given 

Increase of the state of the substance* 

Gases are arc less compressible and. 
are 

OF 

can be subjected to three of strains* namely, 

tens!le 3 bulk and they, consequently, possess lie 

time moduli of elasticity the Young's modulus Y, the modulus 

of rigidity n and the bulk k* The three constants Y * 

and i of a substance are related to one another by the 

idblfoa, Y (m + 3ft) 9 nit. 

Since it is easier to determine Y and n, the bulk modulus 
t (and Its reciprocal, JJ, the compressibility) is more often 

calculated by determining ' Y and n of the given substance, by 
any one of the methods elaborated in the Chapter on * Elasticity * 

and substituting in expression. . ; ; 

One T of Ac methods of determining & for a solid by experi- 
ment is outlined below. 

152. DetermiBAtiM of tbe bulk 



The bulk modulus of a sebitaiice can be determined dfeeetif 
by subjecting llie given substance to a iffiifm pseasam and 
measuring the compression pet unit increase -of pressure. But it 
is it -cosvesiieat to measure the comprasioi} whoi the 
is applied in aU directions. A modified method due to 
b Ihensfim adopted in which the body b subjected to a 
stress In one direction and the cofresponding change in volume 
measured. ' ' ; ........ ' ;' ;, 



The matCTfel to be studied ( say glass ) fa taken in Ae foim 
of a long cylindrical tube A. It is fitted' with btass caps B and Bj 
at Iff upper Mid lower ends respectively . Hie cap*. "B.. is provided 
with a central hole in which is Sxed a oae4io)ed nbber stopper 

cartying a graduated and calibrated capillary glass tube C of 
known Internal cft*sectfi* The cap B is abo provided with 
hooks (not,, siiowp) f<^ pwi^mdliig th^ tube white sondiictfnt 

X, i ( ,N ' -)' * O 



vtn. 



experiment. The brass cap B 1S is provided with a book H-onto 
loner side which carries a weight hanger. 

The whole of the tube AB and a pan of the capillary 
tube C are filled with water cote to m that time am 

m mr faMfo nsiA. The initial reading, of the level of 

water in is noted. Weights are then added to the 

weigh! hauget In equal steps of M gin. Each time when 
a weight is added. It is found that the level of water in 
C fails, showing that the Internal volume of the tube A 
has Increased. The mean fall for the load of M gm. is 
determined. . 

If r be the radius of the bore of the capillary tube 
C and if I cm., be the fall in level when the load is 
Increased by M gm. ( ie., when the farce appled is Mg 
dynes ) the diminution in volume is 



H< 



Fig* 91 
If V be the initial volume of the tube, the volume strain 



v 



Mg 



whore .V and V are the external 



; The stress P - ^ ^ _ ^ , ^ 

and the internal radii of the tube A. 

Now the stress which produces this strain is applied only In 
one direction. For calculating the bulk modulus we should know 
Ac volume strain when the same stress Is applied equally In all 
the three directions. It has been shown In Ait* 68 that the volume 
strain In the latter case will be 3 times the volume strain when the 
stress Is applied only In one direction. - ? 

.*. The volume strain corresponding'' tQ a uniform dilatational 
stress P 



* 

* 



V 
Bulk modulus of the material of the tubes 

1_ _ P _.. :: . Mg, . - . ,__3_ 

"^" A/V * it. (& 2 -*)' I ~ V 
Mfe V ' 



ii 

152 (a), of 



of or tic of a can be 

fef a of the In Ait, 152. 

A pb be to tbe of the cf lador 

and a of vertical focussed 

the cud of the is repeated 

as. In Art* 152, the 81 of the 

the IE 8s a is applied. 

We the 

lateral 
$r *s ' ' , ; - , - 

Let f be 'the of of the 

8f the in tie of r, 

Let I be the of the cylinder, 

81 be tie in Ac of the 

I 8r ' .* 



, 

Tfaea* . 



Area of A'=^tf 2 , r the radius of the tube. 

=* 2*r-8r~ 



Gonscqucot the in the length, let the 

volume of the { + It ). 



4- 

A I ,+ A* 8 / 8 A / 8 A 5 1 which 

will be veiy small } 
*. 8* "* A 81 8A 

81 8A 



-2, A I 8r 



fcr 



2AI 







for iri la (1) we get 



r 2 A I 

.L / 1 _ JL * V 

'2 \ A * 8 I / * 

Thus A 3 Ztt7 SI, Polsson's 0" caa be determined* 

OF 

153. The determination of the of a liquid is beset 
with the difficulty of on the liquid about 
a in the of the therefore 
give an value. . In order to the value of the 

of a liquid* an of the bulk modulus 

of the vessel is also 'needed* 

The vessel used ty 'contain the liquid in these experiments Is 
as a piezometer* used a piezometer and 

studied compressibility of liquids up to a of 10 atmospheres. 

Later, with Improved methods, "Bridgman was able to extend the range 
up to 12,000 atmospheres. 

154, Regnatillfs appatatrn consists of a glass vessel 
A to which is connected a fine graduated capillary ;tafe G. Tie 
piezometer* Le. the vessel A, is surrounded by water or Hquid 
contained in an outer vessel B for applying externally on 

the piezometer* 

It Is preferable to keep the vessel B in vessel D contain- 

ing water to keep its temperature constant. 

The pressure chamber is connected to the side tube T. Taps 
K L M N ( Fig. 92 ) serve to applj_the pressure Inside or outside 
"iae piezometer as desbed. 

L When M and N are closed and K ^ad L are open 
inside (ml outside is equal to % atmospheric pressure. 

2, When IL> and N .are closed and K and M are ooeii 

Jr**** 

is applied inUrnattf only* 



S. Wfa K.ani li. are cfosei and I and N aie 
the pressure Is applied eziemaiij miy* ., ..... ' . 
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UTS 



KandL are and M and N are open the 

Is toft o*rf 

the fa to the intemallf 

and not only Is the but also Jhe 

of the by an (say 5 z^)* 

_ * * 



Hence 



"Of 




la 

the if it solid and the 

be &n it 

If it Is the diminution In 

of the liquid, the observed 

in SP S will be .given by 



Fig, 92 



or 8% = 
Now let k be the bulk modulus of the 

Mqald, 

K the bulk modulus of the sold 
. vessel, 

P the. pressiHe applied, : 
and V the volume of the vessel. 
PV PV 

fvf 3kn 






K 



PV PV 

WHHM MPIPIWIIK""|" 

i. T2T 



1 



PV 



/- 



[from(l) ] .... (2) 



1 

II "II 

k 



* - 

P - 



_ 
K. 



4- 

T 





K 



(3) 



knowing V te t P, and K, the coaprebil% of the 
Is calculated. . . The of K vritt ^ve ft> be detorafflMi, 

am faMiependent .ezpnimeiit. (Art. 152) 

The piezometer used' bf Regnault was foondoi at the 

lowet md and tiierefbte a CK*ioii Jbad to be- applied. Bet 

appled wai of dout^ii value* : . 



GOIIPBESSHBILITT 
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Later lie used a strong piezometer with a flat bottom and 
studied the compressibility of different liquids up to 2,000 atmospheres, 

155. Bridgmaafti 

Bridgman used a chrome vanadium steel cylinder to 

contain the experimental liquid. The pressure on the liquid was 

increased by the advance of a piston of known cross-section* The 
apparent change in the volume of the liquid relative to the vessel 
was by the extent through which the piston advanced* 

The actual change in the volume of the liquid was then obtained 
bf applying a correction for the expansion of the container. The 
temperature of the entire apparatus was malntalnci constant by 
a thermostatlc control. 

A coll of manganin ( of resistance about 100 ohms ) 

was inserted in the vessel for measuring the pressure applied. The 
resistance of a wire changes with increase of pressure and the 
relation between pressure and change of resistance of the manganin 
coll was determined by a separate experiment. '-The relation 
between resistance and pressure was found to be accurately linear up to 
a pressure of 12,000 atmospheres so that, Bridgman used the 
relation to measure pressures up to 20 3 000 ataosphetes without much 
error, by extrapolation. 

The experiments on compressibility are beset with the difficulty 
of securing a leak-proof arrangement, especially when the pressures 
are very high. - Bridgman used a special type of packing for 
securing the perfect leak-proof arrangement. But on finding 
the special type of packing to be effective only tinder high 
pressures, he used the ordinary packing also In addition to his 
special tfpe so that the apparatus is perfectly leak-proof at 
high as well as relatively low pressures. 

The paddng used by him consists of a soft rabbet packing B 
sandwiched between two mild steel or copper washers A and A. 
This arrangement is then held in position between a mushroom 
head D and a hard steel ring CL The head D is kept in contact 

with the liquid L while a piston rod P from above poshes the hard 
steel risg G so 'that' the pressure fa communicated to lie liquid below 
P 1teoqg?> al the intermediary lay era. ' 
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la the on all the different 

Is the same. But die 

which the 0* 

the B in the form 

of a ring, Is less, the on 

it Is aa Ac D and 

the liquid cannot out of it, 

Ptesnre 
and Temperature 

The compressMitf of golds fa, in 
much less than that of 
and gases. In all cases the 

la volume under, pressure 
be the result of two effects: 

(.1) a decrease In spacing between 
the molecules (2) a decrease m 

size of the molecules* 

In the of all liquids the compressibility decreases with the 

Increase of pressures very rapidly at first and slowly in the latter 
stages. The Initial compressibility may be due to the decrease 

in the spacing the while the slow under 

high be to the reduction In the effective of the 




The ' of solids and liquids increases^ though 

sightly* with temperature. Water was found to be an exception to this 
In that its compf essibilty first decreases with temperature and then 
Increases. It Is found to haw a minimum at about 50*CL The 
following relation summarises the results obtained by Bddgmaa for 



At CFG., * - + P) 10* and 

at 5*PC., * = {2-36 -f 04)00598 P) 10*, ' " 

(where I m the bulk modulus of water and P Is the pressure applied^ 
in kg. per sq cm.) ' ;, 



OF ; 

157, It Is that ate highly compfesslbie ; 

a perceptible in the of a gas can be produced by tiff 

application of even a moderate pressure. 

law the the pressure sad the 

TQinme of a of gas at constant temperature. Such changes 

in pfcssure and which place when the temperature of 

the gas arc as isothermal changes. 

When a gas Is subject to an change, the relation 

between and volume is by P V constant {ie., by 

Boyle's few), 

Whw a -gas fa is done, npon it and ife tem- 

perature rises. oa verification of Bofrkfc laar 

is conducted, is allowed for the gas to cool down to the 

temperature of the In that the condition of constant 

tempcr&ti* may be IB the process, the gas gives away some 

of Its heat to the 

On the other hand, .a gat Is allowed to expand,., in does 

work and consequently, it cools. Some Is allowed for the gas 

to gain heat from the'surrouivdings' so that the gas ataios the same 
temperature as at the and the condition of 'constant 

temperature is satisfied. 

Thus in an of a gas, some heat is either 

tost or gained by the 

158. Scientists have of another kind of .change called 

la an chaqjjge, t]ae gas is not allowed 

either to give away or the safroandings and the 

content of the gas ' In an adiabatic compres- 

, the gas -in -temperature; and IE .-an adiab0tic.-^pansion, 

tie gas falls ia The relation between pressure and 

hange is given 

V 



(where Y is the ratio of the speciic heat of gas at constaot pvesnve 
pecific faent of a gas -at ,ccMislant volume). ".-. : ;. - ; ., . .. 



15S. f * g 

let 9 be the diminution produced in a volume of tbe gas 

" c U 

the pressure by an amount P. Then Is called the 

of the gas and the Elasticity E of the gas' is given by 

P PV 

tbe relation* Es--^r 

p/Y t 

tnthe notation of calculus, Ess 

i' (The sign that the volume 

the pressure Is ) 

The reciprocal of elasticity is caled eotsprawibiilty $ it "is 

of tbe compression per unit volume to the excess of pressure 
produces it. It is denoted by the letter j3- 



lity of &e gas. = . 



dfo i , * 
In the ooftatioii of calcidos s fi= -- 1 ty <* p *= 

* 



(a) Isothermal elas'ti-clty of m gas 

For a gas at coas'tant temperature, ^t = constant. 
. Differentiatiiig, dp 5 + ^ * rff =* 

, " of dp* n= ^* ife 



Of 

:. The isothermal elasticity, E, of a gas is" ' equal to te 
pressure p 9 Lc. s 

(b) Adiabatic 

Few adiabatic^ change la a gas, we have the relation 

' as a . . ' ' . . ' ' ' 

* * ^ * JMh * 

or 



, !*,. 9 "T' 

The adiabatic elasticity of a gas is therefore equal "to 



vm. 
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These relations told for an Ideal gas, Le., a gas that obeys 
Boyle's law. Comparing the isothermal elasticity and the ' adiabaJtc 

elasticity, we find that the adlabatic elasticity is J times the 

isothermal elasticity, y, the ratio of the speeiic heats depends 
upon the gas and is equal to 1.66 fat mono-atomic and 1.41 fot 

air and so oa The experiments conducted on. the compresaiUlitf _flf 
gases at constant temperature 'have been described 

In Arts* 135 and 136. 

L Define the terms 'compression* and 'compressibility 9 . 

2. Describe an experiment to determine the eompmri 

of a 'olid supplied in the form of a 'cylindrical tube. 

. . * 

3. Describe Rcgnault*s experiment on the determination of 
bulk modulus of a liquid. 

4. Write a note on .Bfidgmaifr wort on the 
of .liquids.. . . ' 

5. Write notes on: ' 

* isother mal elastidtf * and c 'adiabadc elastidtf ** 

6. Detormiiie an exp^imaat m determiiie die 

of water. [4. CIL Sept., 1965\ 

7. Write notra on comprwiibility of a liquid, 

[M. U. Afnl 



CHAPTER IX 



. of 

A ratn drop to the is 10 m spherical 

iiape. The drop as It Is not to constraining forces 

doe to Its weight. The as to what the forces 

are that a drop New a is ife 

Aas fir 0jf , Jcr a It may 

be concluded the is to give, a 



K 



M 




apbearical form to a Is to the erf" 

its- the of is eliminated 

the becomes 

quantities. of wafer are 

on a surface .( on which -. watet 

not ) into' spherical -.drops. 

Tib /t re* fo f Jb <zri of the snrfae* 

&m! the zpafcf fiife & 

' sfherieal The which depends upon 

the volume, 'on the other tends to spread 

It. Since the qaaatity of water ii die of the 

Itttfcer bwoe negligible and a . is under the 

"O O * * 

actfonoftibe nmlfaxx ft^ce. 






N 
9* 



A wire frame (Kg. 94) is and two pieces of strinp 

and UN are tied. a:cri the so are leoMu Now 

the frame Is dipped In soap solution and taker, out. A soap Hm 
id! then be formed la the fimme and the picc of string He loose in 
Hie film. But on piercing the film M N and the frame, this 

pail cf the lm disappears and the foe 'drawn tightly 

to assume the form of ma arc of a circle. This clearly stiows that UN 
is acted oa by forces act at right . angles to Its length and which 

poll It so that the area of the becomes minimum. 

A ctYcfe is Urn geometrical figure mhuh tke maximum mma fof & 

bermeter. Since the a circular the 

''' " " " 



J ' r '* SURFACE TElfStOH 2<J 

which Is cleared of the film Is a the area 'covered by 

the film left over Is a minimum. *'' '* 

These Illustrations that the surface of a is Hmibr to 4 

stretched elastic m$mbram y whkh tends to contract and omnpy^ the 

area possible. It is found however that the tension in a stretched 

membf ane with the area* the tension in a. liquid siiif mm 

does not change with the area of the -surface but is constant for : the 
liquids temperature remaining constant. 

Definition : a Mm drawn on the -surface of a liqutd. The 

force acting per- unit 'length of the line and normal to it s tmding to pull the 
surface apart along the line y is defined as the surface tension qf the liquid. 

**," ' ' a i 

It is measured in- dynes per cm. Since it Is the ratio of ar force 

MLT""~* 2 
to' a length^ its dimensions are =* MT~ a . ; : - ! 

i ; . JL* ' . ,'"-,';, 

161. The following are more illustrations : ' . ;t - ' ; ' 

L The property of surface tension Is made use of in the 

manufacture of lead shot* Molten lead is poured down in a fine 

* .,< 

stream from .^'-considerable height/. The stream' then breaks into a 
jsccessioii -of dropi* as it fails, cool Ini : soHdify on their 

;way down. .'To preserve tlcir spherical shape from damage tfaey are 
n a of 'water. . ; - 4 



2. If a small paint brush is dipped into water and taken ot|t 
the hairs are found' to cling together because the water films between 

hair poti'iliem ; together. v " - '. ' ." ' '""^ 

3. A new pin (which is not wetted by water) may bte placed 

Oft;,- * filter^paf er, floatel on the surface of water. After a time, the 
piper gets soaked in water. It it then gently pushed "down so 'that 
k sinks. Bet the pin continue to float on water having a imail 
depression tinder it. Tfae surface of water supports the needle 

as if -it were a skin. ' ' r ' ; J 

w 

4. The surface tension of water is lowered on contaminating it. 

(a) If a paper boat, with a piece of camphor fattened lo 

its stern., is floated on water,, the boat moves 

1 ' * * 
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The surface of Is greater than that of 

caiaphof water. The of the is therefore pulled by pure 

watev with a Its by the camphor solution. 

Consequently the Is to forward. 



(b) as a breeding 

for mosquitoes, the of supporting them on its 

Rirface. Bet an oil is sprayed on the. water* its surface tendon 

is lowered and the mosquito sinks down and perishes, 

112. forces of atinctiw 

Itofecotar are of two types (a) cohesive Ibrces and 

'{b} aihaive forces* 

;; ' Forces of attraction between molecules of the same substances 

are called forces between any tyo 

molecules of probably vary inversely as the eighth power 

of the distance between them. Cohesive forces therefore become very 

large when the inter-molecular distances, are vary small. Thus they are 

vary strong to less In ami Insignificant In gases. 

Forces of attraction between molecules of different . 
are known as .adhMfcw CHTOM. Molecules of water, for 



. , ^ 

and tht molecules of. a glass have forces of adhesion faetwwB 

thorn. These forces are for. dlferent pain of substances. 

Gum or glue has stronger with glass than water or 

alcohol with glass. ' u 



Molecular range of attraction and sphere of influence 

The maximum distance op to which a molecule exerts a force 
of attraction on another la called the range of molecular attrac- 
tion. It Is very small, being of the order of 1<T cm. The cohesive 
force of attraction decreases at a very rapid rate as the distance 
increases so that beyond a certain distance which is small, the 
force can be considered to be insignificant. But within that small 
e they are very strong. 

sphere drawn with its centre coinciding with the centre of 
and radius equal to the range of molecular attraction, r, 
phere of molecular mfln<mr rK,,t~.,.t L-I _ 



If, 






nl the emive of tfa sphere ef ami ts effHKtei m 

mm ly tin mokcnks pmmt tk the sphere of 

influence of a molecule Is within the substance, the molecule at 
the centre of the sphere will be on the attracted in 

att directions and the resultant pull on It will be zero. In velocity 
is therefore only that which depends on the temperature of tip 
substance, 

li*. Work dose m increasing the of m sorfmce 

Suppose that a soap film (or any- liquid film) Is fomed In a 
rectangular frame ABGD of which .the side CD can side. Let 
T be the surface tension and AB = CD = 1 

The' force on CD' due to surface 
tension, *= 2 I. T ( since the has 

two surfaces). On account of this 
force the film tends to contract and 

in Ofder to keep the film in equilibriums 

aa equal and opposite- force, F, must 'be 
applied on CD also so that F * 21 T. 

If now the film is stretched so that CD moves paralel to itself 

to G'jy bf a distance,** ' '. . 

work done by F is stretching = 2 I,T *. 

Now the increase In the area of the' surface 2 I '%. 

Work done In inoreaaing the surface % unit 

' Jx ~ T. .. , . 



A 


D 




2/T 






* - _ 


. . 






B 


C 


c' 
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Urns A* -work dme per. 'wit arm f the mrfme is 
equal 10 the surface tension of ike liquid ' 

The work done against surface tension is stoted tip In the Hqold 
at -potential energy and 'the 'work done 'in''iiiqmA^r;the a^. is 

sometimes called surface 



1S5. 
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Ae molecules A, B, CJ, D and E near a. liquid surface 

XY (Fig. 96). ./The .circles ronad thep indicate their/ respective 

spheres of influence. 




T , ; of . of the .molecule A is wholly within 

the liquid. It does not therefore experience any resultant attrac&m 
in . , 

Tfac B lies- the a part of its sphere 

6T influence ( that above KL ) the surface. If MN 

is a line parallel to KL and at the below the centre 

as KL is above the centre^' : "'ttife 
molecule is symmetrically situated 
in the KLMN. The resultant 

Y ' ' : ' 

or downward force on B due 
to the in the space KLMJJ 

there will be as. many 

__ B as there iriD be 

below it in space, ...Consideriag 

-, : lg: * ^ now the above KL and 

below MM, the space above KL contains much less 

that below MN because the formei is vapour and the. .latter 
is liquid. ' 'Consequently, 'the pull' on B upwards will be 

very much kss titan that exerted downwards and the molecule B will 
be subjected to a resultant pull downwards. 

The downward pull evidently increases 'as the space KLMN 
decreases and becomes maximum when MN coincides with KL, I.e., 
when the. molecule ii. on the surface of the, liquid as in the case of C. 

When a molecule ( } is the surface* it is gimHariy 

seen that the downward puM becomes less and,/ when its- sphere of 
influence lies above the surface ( as in the case of E } the pull 
completely vanishes and the molecule Is to winder about in 

the space above as a vapour molecule, 

Thus , the molecules which arc within a small range above 
awi bdbw the surface of a liquid ar^, subject to downward pull, 
the force bring maximum oa .those which are on the surface* As 

a molciite move* from the interior towards the surface, it 'is therefore 
acted on by a strong force downwards wMcb toads to prevent its escape 
from tibe liquid into the space abwe. TMs accounts foi the fr& 

of a liquid. , ... ; ,,. , ..> 



ft. SO&fcAGB 

166. Surface energy 

If a molecule, is to be brought from 'the interior of tic SqoU 
to the surface of the liquid, work will hawe to be done against 
the forces of attraction downwards, and the molecule cons 

quentiy acquires some potential energy. Thus the surface of a liquid 
possesses potential energy on account of the molecules lying in it 
mud whenever the area of the surface is to be Increased by bringing 
mote molecules to the surface, '"work will have to be done. 

Tke potmtwl mergj of a ^siem alwys Unds la be a ml 

consequently., a, liquid surface always tends to ttccupy a mimmum area. Thus 
the kinetic tiuoy successfully accounts for the phenomenon explained 
at the beginning of the Chapter. 

li?. Spreading f one liquid ever, amctlaer 

Imaglns a lat (bop of a liquid A standing over another liquid B 
Along the Mae of contact between A and B 9 there ave three Ibices 
acting normal to the line : 

(a) surface tension erf the surface separating the liquid A and 

* air, Le., surface tension of A T a ; 

(b) surface .pension f liquid B Tj ; aad 

(c) surface tension of the surface 

separating A and B = T lt . 

Suppose now the drop spreads a little over the liquid B so 
that the area of contact between the liquids increases bf an amount dk. 

The consequent changes in the surface energf of the system 
will be as follows : 

Increase in surface 'etiergf due to T 3 *= T a X d$ 

{ since the area of contact between the drop and air increases. ) 

Increase in surface energy due to 
T 12 = T 12 X ds 

{ for the same reason. } 

% ' 

Diminution in surface energy due to T x = T x X 

(since the area of contact between the liquid B and the 
diminishes by 
tf 







the act increase of surface energy 
.. - T a is + T 1S * - Ta* - (T a 

Any will- to change In the direction in wMcl 

potential energy 10 decrease* ' ^ 



If now. (T 4 + T lt Tj ) is poskwe, the potential energy 

of the system will decrease when ds is negative* The liquid A 
therefore decreases in area and contracts Into a drop which will 
on B. In this case, it will be possible to construct a triangle 
of forces with proportional to the three surface tensions T lf 

TJJ andT 2 respectively A triangle so constructed with- 'the three 
tensions respectively as sides is called Neuuum** triangle, 

If, however, (T 3 + T lt T x } is negative, ds will increaie 

in order that the potential ener gy ' may become - minimum* The 

A will ^rrf .w the liquid B and form a thia layer. 

In th it is not possible to cx>nstfct Neumann's 



becaose a 'triangle cannot be constructed when the sum of the two 

given sides is las than the third ride. \ . 



and otham e^MM^, bf 



cm a number of IsqiAfa, tiiat in no-cne 'is it.pc^iHe to damtruct 
!feraaaiHi*s triangle. Thus, it is not possible to haw a drop of 
one liquid remaking in equffifariwn. over another liquid. Sometimes, 
we ^may nd apparent contradictions to this general observation. 
A drop of oil may be seen oil 'water or a drop of water may stand 
in equilibrium on mevctay. ''Garcftil observations reveal that, in 
Ab 'fint ease* Hi has pitaA' wa^ 'and fa present tfere as a 

thin film. In the second case, the surface of mercury is found "to 
be covered with grease when the water dxopjtancb on it /Qpincke 
fhawed f> that pure water spreads 'over pure mercury. 

16S. Angle f cmitmct 

'In 'Ac case of solids, we cannot conceive of the surfaces 
remaining io a state of tension as in the case of liquid surfaces. 
Howcvef , it should, be noted that surface tension of a liquid inct eases 

with fall of temperature even as it approaches the point of solidlfica* 

V * t f f * f ' ' 

lion 'and 'these & 'no rtason to aisunie that tike sutface tension 
in the act of soEdificatloii. It will not be wrong therefore 
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to assume surfaces are also f associated with potential 

and that the. potential energy per unit of the surface 

be called the surface tension of the IE . with 
tiie established in Art. 164. 

'The equilibrium of a diep of' liquid on the surface 

of a sold will now be considered*- 

i . Let AB be the drop of a 'Testing in equilibrium on a 

surface CD* Dw AE tangent to the sat face of 'the drop at 

its point of contact* A, with the surface. Then L EA is called 

the magic of contact and it is denoted by 0. 

Since the drop is in equilibrium,- the resultant of all the forces 
ding : on it when resolved tn anp-dir$ctfen, should be zero. 

>. .'*" ';. 

Let Tj, T s and T 1S be the surface 

tensions for the solid-air, Ikpiid-aif 
and solid-liquid interfaces* Assuming 
that no other forces., act on tli^ d^op , ^ 

*' " '''" '' *" ' ^ ''SUilLrfK 1 

and resoMiig the forces in a horizontal **. 

'* f ''' % ' '-" ' * . ' " 

direction paraOel.'to AB, " . s " 

we have T .. T a coi T 13 = 'ft. 

' 




' ' _ 

09 



If Tj > T 12 , cos fa pmitive and lies between and 
If T x < T}gees<Q is oegali^Q'md lies between 90' and 
this happens to be the case when mercuty stands on glass, being 
about 14* . *" i"' - : ? 

It may be noted that in this ease* die relative values of the 
surface tensions are such that the sum of any two of them is great*? 
than the third and that Neumann* 3 triangle can he constructed. 
However, if any one of the three surface tensions is greater than 
the sum of the other two* equilibrium is not possible and the liquid 
spreads on the solid surface. The angle of contact of liquids which wet 

ih sttrfttCA m^ spnad w this mp, as water on glass fof example* fir 

, ' ; ' " " * ' ' } 
169. MemsuremiaQt of angle of contact of 



angle of contact between mercury and glass qan 
by two fimple cipetimmts as 
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(a) A round-bottomed flask, fitted with a 

through which passes a glass 

tube, is filled with clean mercury. A rubber tribt 
is slipped over the glass ' tube and closed i! bjr 
means of a screw-dip. 'The flask is then Inverted 
and supported, oir & stand. 

Mercury -is slowly drawn out until the surface 

of mercury Inside the glass '"flask .is plane, right 

op to the glass. > r 

After adjusting the mettoiy surface c&refuif , 

fee diameter of the mercury surface AB and of 
the flask ( =2 . AO } are mcasuied with a pali 

of calipers*.'" 4 . . . .. 

-AC 



cos 



AO 



from which is calculated. 



> f the angle of contact = / DAG 90 -f 

(b) A strip of plane glass plate AB is dipped into mercury 

contained in a wide glass vessel. Then, meniscus is seen to form on 
either side of the glass plate. By suitably tilting the glass plate to on* 
side mefcory can be made to meet the plate without any curvature OH 

that side as in Fig. 100, Using a plumb line 
and a scale, AO and DC are measured* 

AC 




If I ADC , tan 



DC 

which $ is obtained. 

^, the angle of contact ** 
ri - I0 ( 180 - ). 

Eeiatioia liefweea pressure^ curvature .and 



from 
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Whenever the surface of a liquid Is curved , as in a spherical drop 
or bubble, the siarface teosion of the liquid would, in tending to 
minimise the surface area, also tend to compress the liquid in the drop 
or the air hi the bubble. 

Consequently 5 the pressure inside the drop or bubble will be 
greatei han the pressure Outside* The excess of pressure 



SURFACE 

the drop or bubble depends upon its radius of curvature and the 
surface tension of the liquid. 

- > (a) Spherical drop : Imagine a spherical drop of a liquid 
of radius r. 

Let T be the surface tension of the liquid and 
P the excess pressure Inside the drop. 

Consider the drop to be divided Into two 
hemispheres by a great circle ABC drawn on It 
IE a vertical plane. Let ABGD be one of them. 

The hemisphere ABGD Is now subject to two 

ftofcet* In the horizontal direction: 

{!) Tie thrust on the plane face ABC due 

to Ac excess pressure exercised by the other half on ABGD whim 

Is equal to fltr*P and which- acts from right , to left, : 

(2) the force dee to the surface tension which acts along '"life 
circumference of the circle ABC, which is equal to T.2**r and 
which acts from left to right, 

Since the drop Is "fii oqnHIbrium, the two forces are equal. 

P - 2-rcnT 
2T 




., ' ..' - . - v.'. Off ^ , 

(b) Spherical bubble ; In the case of a spherical bubble, 
there are two surfaces the Inner and the outer* The skin of 
the bubble Is usually very thin so that the inner and the outer 
radii of curvature of the surfaces may be considered to be equal. 

Consider again the equilibrium of a hemisphere as above. 

The thrust due to the excess pressure, P, exerdsed by the other 

1 1 ",t " ; * "i 

hatf SB <jff 2 P and 

a % 

the force due to the surface tension acting on thfe surface 

4T 
- 4ftiT or P - ^- . 



.. . 

(c) CylindHcai drop : Imagine a portion of a cylindrical 

drop contained between two horizontal planes ABC awl A 1 B'D 1 

ffgl** %^s to ft> a** 8 ! 
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Let r be the of cross-section of the 

T s the . ''" 

I, the the planes* Le, the length 

of the ABB'A 1 P 3 the excess preswrt 

Inside the drop. : , 

Suppose that the cylindrical drop is diirfafcd into 
two by a plane GG'D'D passing 

through the axes. Considering the equilibrium of 
one of the two halves GDB'B C r D f , the forces acting 
horizontally on it are 

(!) the thrust on the face CDD'C' due to the excess of pressure 
of .tto liquid exercised bf the other half =*|P X ?f X / (acting 

fipcnp left to right ;; 3 ; 

(2) the force due to surface tension acting on the 
C'IF - T x 21 (acting from, tight to left). . 

Since die di^p fa in eqidlibriniB, -P.X-.2rf * T X 21 

T 

of 




,f (d) Cylindrical bubble : A cylindrical bubble 
consists of two surfaces, the inner and the outer. The 
forces acting horizontally on one half of the bubble are 

(1) the thrust on the face GG'D'D due to the excess 

pressure inside the bubble P X 2r X I ( acting 5 from 
right to left) 

(2) the force due to surface tension meting on the 
o edges parallel to CD -2 X T x"2l (acting from 

fig. 103 left to right ). 

Since die bubble is in equilibrium, two forces are equal and 
- 2 X T X 21 or f 



170. (a) General relation between pressure asd sorface 

tendon fai tmfm of the pricipal rft^dii of curvature. . 

ptindple erf viitoal work, when a body, acted 



pp by a system of farces in equilibrium, suffef s a small displacement^ 



if. 



..the algebraic mm of the of by these forces is 

zero. Applying this principle, the between pmsove 

ad surface tension in terms of the principal radii of curvature of a 
surface can. be determined. 

For any element of a curved surface In general, two lines can b$ 
drawn on it which intersect each at right angles and the radii 

of curvature of wMcfa are either or minimum. Those lines 

are called the lme$ ef principal curvature. 
? IB some cases, the centres of the Hoes of 
curvature He on the same side of the sur- 
face but in others, the centres lie on the 
opposite sides of the surface. Surfaces of 
the former type as in (a) such as of 

spheres, ellipsoids eta,, are called 4- 

clastic surfaces while those of the latter 
types as in (4) such as the surface of a 
saddle on a horse back, the dice-box etc** 
are called aaticiutic surfeem The Fig ' lo4 

radii of curvature of these lines of principal curvature are- called the 
mdii of principal cuTvaiure of.tte surface. 

' (a) Osneral relation : Syaclsstic .MoA^ Lei AB and Jgg 

represent the lines of principal curvature of a small element ABCD 




S yuelaitie amrf aee 



of a Synclasdc surface aod. let O and O^ be the centres of cuivalure 

AB aw! -BO respectivelf (fig. 105). ' ' ."" ..';: 



Consider that the element; is now displaced normally through a 

small extent ^,. so that the new pesl dons of these lines of curvatuie 
are given by A 1 B 1 and Bj-Gj^, ? ' ' . '' . ; ' 

Let AO - R and BO^ =* R r " 
1 . ; GonsideriDg the similar triangles, A 1 B 1 O and ABO a ^ 



.** 

JL oL 



AB 



AO 



t 



ABfi .1... + 
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i from the similar triangles, B 1 G 1 O 1 ani BCQ^ 

mm get 

o, 



** 




or 



BG 

BG 



_ 
BO 



Fig. 105 



AB- BG 



&B- BG* 



lecting 



Area of the element before displacement 

= AB . BG. 

Area of the element after displacement 
as A 1 B 1 - B 1 C 1 . 

". Increase in area of the element' 

- (AB'-BC)" "'^ 

. '? 

-AB.BG 



R 



_L_\ 

Rf 
I / 



R, 



If T is the' surface tension, the increase In the energy of the 

surface due to the displacement = T AB BG "# I ~^~ + ~ i , 

\R R x / 

The pressure on the concave side of the surface Is greater than 
that on the convex side aad let F be the excess, pressure on the 
concave side of the element. 

A Work done by the pressure in the displacement of the 
surface = P- AB-BG *. 

it, " .; 

Mow according to the principle of virtual work, r ., 



If a film Is considered Instead of a liquid surface^ the fflm has 
two surfaces and the Increase in energy due to surface tension will be 

>! 



2 AB-M3-* 



'and'P * 2T 



/I 
\ R 



** 



(2) 






The excess the of anf particular tjppe 

can be deduced from the 

(a) Spherical : In the radii of principal 
curvatures of the surface arc' equal so that R = R x and from (2) 

(I 1 \ 4T 

IT + ^r I -TT" * 
R R / R 

(b) Spherical Imp i In case R = R 1 but the drop has 
only one free surface. 

(1 1 * 9 T 

*+.!-)** 
K. K / I 

(c) Cylindrical bubble : la a cylindrical bubble oae of the radii 
is equal to infinity, so that 



R 

(d) Cylindrical Imp : The cylindrical drop In addition to 
oae of the radii equal to m will "have only one free surface m thai 

JL + .LA ;T ' " " 

R CD / R * '" : ; 

(b) Excess 0f pressure iasMe mm aaiticlastie snrfac 

The ^centr^ of curvature > Q 1: .of the Hues of prindpil 

AB and BG lie on sides of the -element ABCD as 

in Fig. 106. 

Lei the dement ABCD be displaced normally to- 'itself 

a small distance' x and let 

Now we hav 



2 be Its new 
o 



A x B 2 = A B f 1 



and 



G. 



BC 



I + 



R 

x 



- J 



Wotk done by the cxcs : pfessure = 
, 'P:AB- BG - */.'. 

Woik done against . surface tenaoa 



T 



AB . 




Fig. 106 






QHA& 



tie virtual work. 

- T-ARBO* ( 5- - -j 

Foi a 'liquid film, the relation will be 



"" T 
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. ' CAPILLARITY 

171. When a capillary tube is dipped vertically into a liquid 

( such as water ) in a beaker* the liquid is found to rise into 

the tube* All liquids which have an angle of contact less than 90* 
show a ' similar effect in a capiQaiy tube* However, cury whose 
angle of contact is than 90 shows a' depression in 'a capillary 

tube dipped into' it. The phenomenon of rise ( or depression ) of a 
liquid through a narrow tube is one of "the striking consequences 

of 'tariace tension and is known as capillarity. ' 

The ascent of kerosene or castor oil in the wick of an oil kffip, 
the rise of the sap in trees smd plants .and the absorption of ink In 
a blotting paper are some of the familiar examples of the same 
phenomenon. 

DETERMINATION OF SURFACE TENSION OF LIQUIDS 

172. Capillary rise metfod : ; 

, Lei a liquid '(of density .P } rise in a capillaiy tube vriafch is 
dipped vertically in die iquM to a height A. - Let r be the internal 



t J 






A 



. Fig. 107 1) 

tube (at the height k) and : the angle of 



Ot ' IDBffAOB 

The on the liquid column arc 

(!) its own weight acting vertically downwards and 

(2) the upward pull.-, due to the surface of 

the liquid, T. 

* ' . 

If 'v be the small volume of the liquid la the meniscus, the 
volume of the liquid 'In the capillary tube. *= (f?** 2 & + p.) - . . , 

'*. 107 (b)] 

Weight of the liquid acting Downwards on the column 

Iff a /l + ) P " . (1) 

"../ O .. .,%,* 

The vertical component 'of the force due to the surface-tension 

T cos. and it acts along a length^ 2*t r. 

..,: 'nesultaaf upward force due to surface tensfen '.; 
2qvrT.cos--0* ' *** *r (2) 

Since the coluinn Is In equilibrium^ the two forces- are- '.equal* 
'. (iff 2 A + p) pf =,2itrT cos ... '.-/ '(3.) 

I T- = -i 
.. . . ...2^tr oos 

. '-, Cae 1: -^For liquii% *udi as water, which wet 'gla^ thfe 

of contact, and the meniscus will be hcmisphericaL 

. The voliime., of ..water In the menfasms.. , . , . 

(c)]. 



A Sutfeos tension, T^ fof iiq'uiils such ''as water which Wej 
Is g^vea by the relation, '..:-: '.--' 



' If the- radius erf the bore Is very small so that r is negligible 

-,, ' ' L IL 
as. compared to A 9 T = 



. . , , , , , 

Case 2 : If the angle of contact is not zero* bet die tube Is" 
fine so thai v csn be neglected' ' - ' 



cos0 2 cos * ' 

i , 

: If the angle of contaeli * '90, wfll ^e pi 

capHlary on fte liquid* 






CHAR 



Is so that 

i . in the tube 

is the with mercury* the 

).' ' 



Cmm 4 : If the of 

cos is negative* there 

and the meniscus will be convex, 
magic of contact of Is 135 

: A uniform AB { about 20 cm* 

long ) is. cleaned a . of potassium 'dlchiomate to,., 

wMefa concentrated sulphuric Is It Is then thoroughly 

tap water.. The tube AB 
can be dfaecdy If the experi- 

is with ; -otherwise tfae : iubi ;; 

is.:.to Jbe before 




.o 
IE 



Fig. zo8 

of die tebe .above .the 



; Hie 'of the capllary tube 

the liquid* 'Say water, 
in a beaker -and the tpb'' 
is to a .stand vertically. The 

liquid', is 'found to. rise la -die tofee to 
a .certain 'height 'A* The tebe fa lowered 
by a cm... dt two- iito r the ,llqnldvairf|' 
to the former position so that 
are. -wetted with the 



A traveling microicope, provided with vertical 
is focussed on Ae meMsctis and the reading ^ 1 on the 
The is kweted and thai focussed 



on 'the level of the liquid outside and the reading $% on the tcate 
iK>ted aga!n (It. Is, however, preferaWe to fasten a bent pin GDE 
to the tube and adjust the tip of the pirn E to coincide with the 
surface of the liquid if the beaker before commencing , experiment 
as In Fig* 108. The microscope .then be focussed on E and 

the reading s 2 noted. } "Hie difference between the reading -j\ and 
f t gives *F. . , , ;;,., - 

T0 dki$mlm t : Strfctly 9 f V f should b, mtMUMd tt ,. tbe paiat 



where the meniscus stands, But f > mice the lube is assumed to 

be of uniform croa^sectiba s the diameters of the bore at the ends 
of the tutne are measured mjbg the travelling microscope- and 
mean value Is taken ai 2 n 



The decsitf of the liquid at -the- temperature at -the of 

the experiment, is The T 'of 

(i-f-i r) P r 

the liquid Is then the relation T = - 1 ' 

2 

The temperature at the of the "is 'recorded 

since tik surface of a liquid -Dams with .temperature. 

It be noted that the'- value -of T is beset with the following 

uncertainties : 

.1. The. angle, of contact of die., liquid may., sightly 

differ. -from., zero. . .' . ,. .,.-.,.. -, . , ; .' ..< 

; ~ 2/ The ^temperature-' of liquid rat the smiiscus inside 

caniicfe be ascertained -accurately. . . . . _ ..''" 

':'' 8. / Further* the coBtaaiiliation 'on. the sides of the tube might 
cot have in of thorough wflshitxg.'""' ' ' 

'17S. , . ,, , . .. -.... .. ... ...,;;,...._ 

.:.. Let .the low of a, liquid- through,, a. vertical tube '(3 or 

4 mm. in .be so\rcgujated .. that the liquid, falls in drops 

" ? f '' ' ' ' > . . '" , * . . ^ - * * 

from the lower end. of the 'tube. Each gradually grows in size 

and attains a- limiting maximum -volume before it; detaches itselE" 

Consider the .equilibrium .of .the drop just before it fa detached. 
v '' Let r be the oC.tlie' drop ...(which is also equal to the 

external radius of the tube. . the "liquid ) .and T the 

sutface tension '.of 'the Uqu!d T .. .. 

The forces acting across the cross-section AB, are 

;(i) the weight of the drop, m&> which acts ver ricaliy 
downwards 

(2) the downward force due to the excess pressure* 
P, inside the drop which is equal to ^r^P. 

(3) the fot ce due., to the surface' tension of the liquid 

which acts upwards along the circumference of the * Iog 



A- 



B 1 



section AB and which is equal to 

Since the drop is in equilibriup* 

the sum of the upward forces = the sum of the downward forces^ 
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the to be cylindrical a| tfeq . giasft-aectum 

T 

of tisc so P = . ' 

r 

T 
r T * 



* 
* * 



f 
or 7f r T SB mg 



fff 

But the fall 'of a drop Is essentially a dynamic problem and a 
statical of the same cannot be complete. Abo sometimes, 

dne to the conditions* a small drop may also be. seen to 

'detach from the the main 'drop fat!s : (This ^can be 

if is to drop from the glass tube into 



kerosene, oil or cocoamit oil contained m- a beaker). .Owing to. 
these, uncertain factors, the values for T obtained ftom experiments 
were focmd to be than the actual values. 



Rayleigh if ft were substituted by S8, the experi* 

mental results agree fairly weH_ with actual values. Thus 



; . .,.,.. . , ,. . ' " . . ,. '*\ . 

the lower end of "the tube is given a coding of 

wax so that the liquid does not spread sideways. In such a % *case, 
the value of the of the bore ( and not of the external radius ' 

of the tube ) will have to be for r , 



nt : A narrow glass tube (of about 15 cm* long 
and 3 to 4 nun. diameter) fa cleaned thoroughly first with caustic 
soda, then with cone, nitric add and finally with top water. The 
tube Is dried if the experimcatal liquid Is othef than water. 

The tube , b next to the nozzle of a funnel by meaps 

of a short rubber tube* A screw-dip provided on ihe rabbqr 

tube can be used to control the flow of the liquid down the glass 

tube. The liquid ( say, water ) is poured Into the funnel and Ae 

flow erf water down the tube is adjusted so that dtopi' detach 

ilwHiieiiret 1 from ibe of the tube at the tate of one or 

two par minute. 



"ftdRFAGE 




A clean and dry beaker of 1% is introduced 

the glass tube and sufficiently number of n (say, 100) 

is collected into the beaker. The w a 

of the beaker, together with the liquid 
collected, is found. 

Hie external diameter, 2r, of the 
tube at the lower end ii determined either 
by focussing a microscope or by using a 
vernier calipers. 

The surface tension of the liquid, T, at 
the room temperature Is then calculated 
from the relation 

' T = C ^2 ~ m \ ) i = m M _ 

3-8 r n 3*8 f 

C, being the average mass of a drop). 
174, laterfaeial tension between two 

When one liquid rests on another without mixing with it* the, 
interface between the two liquids possesses, energy just Hke the surface 
of a liquid. TJu interfadal tm$ion is the vdm efikefom acting per cm, 

normal to a line drawn on the interface '' , '^ 

t /.; The , heavier liquid (say waier) , k taken into a fennel 'and it ii 
allowed to. flow down through a narrow tube Into tie second Mquid 
(say 'kerosene oil). The flow is regulated so that drops of water 
detach .themselves into kerosene one by one. 

The weight of the drop is, iti this 'case, reduced by the upSirust 

of the fighter Mquid. If p and w are" die dcmiti of water and 

kerosene respectively, the apparent weight of the fefling drop ( when 



.Fig., no 



formed in the lighter liquid ) is equal to 



mg\ i - 



L m being 



the actual mass of the drop. 

Thus obtaining m and r m in the experiment by the method 
of drops, the interfacial tension T bet wees the two liquids can be 

calculated from the re!ation 5 '^ ' 



2-8? 






175, > , . . . . 

When a is so that Its bottom surface 

touches the free of (or of a Uquid which wets glass), 

the pktc is dowp wards by a force to the surface tension of 

water- THs acts along to the lower surface of 

Ac plate. 

If / and t are the of the lower surface' 

respectively its perimeter Is equal to 2 .( I + t ). 

Let T be surface of water. 

The pull F vertically downwards is . given by 

F = ' 



w 



Determining F by using a torsion -balance, T 9 the surface' tension 

of the liquid can be determiaed experimentally. 

: The torsion balance consists of a rigid U-shaped 
frame U fitted . a heavy , . can b& f aisectof 

lowered and also ' fixed : at , any desired. by, means of a screw j. 

A -fine steel wire, w, Is stretched across the 
frame so as to be taut .and it carries a 
metal at Its mid-point at right angles 

to Its length.' The extends a little 

to one .side and carries a sMdiog weight W. 
The on the other side, wMeb .setves 

as the twisting arm of the torsion baknce, 
carries a scale-pan F, from which a metal 
frame / is suspended* A thin rectangular 
glass plate is inserted info the fr^me/fof 




Fig. in 



detomiaing the vertical pull of the liquid; The end of the twisting 
arm is pointed and it moves over a scale S fixed to the frame 
of the apparatus Itself. A levelling screw N provided on the kg 
of the tripod opposite to the glass plate can be used to. tttb ft* 
whole appat atus and thereby i aise 01 lower the glass plate. 

^ _ Bcfof e commencing the experiment, the glass- pkte is cleaned 
well first with acidified potassium bichromate solution and then with 
top irate*. A glass trough containing the experimental liquid is 
111 --** undor the plate. The Umr .edge of the pl&U u adjusted 
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The sliding weight on the and tie U-shaped frame ( V 

Mceasavr ) are adjusted so as to bring the tower edge of the gjbM 

plate very close to the surface of the Tfac N b then 

worked in the so as to the lower edge of the 

plate touch the surface of the If now the sci ew Is 

dawlf in the opposite it will be found that the 

end of the arm moves lower and down the scale and that at 

one stage, the glass plate gets detached from the surface of the 
The twMng on the ab 



The expcMmoit' is repeated to get at least the 

on -the scale just feefore the ptetoteaaev te ' of 



die liquid, 

$. trough is removed and thepMe dried wtik 4 pUee 
mmr. Necessary are then placed in the Kale-pan so as to 

make the pointed end of the arm coincide with the previous reading. 
If w be the mass of the weights adde<& the force F required to twist 
the wire to the required is equal to mg and It is equal to the 

force exceed by the surface on the lower surface of die plate. 

The length I- of the edge is mmmcd* wtb ar-dide calipers 

and Its thickness t gauge. ... .. 

The surface tension ,T of the liquid at the room 
h then calculated ffom the relation, 

atari *a 

t} T mg ot T 



175. (a) Surface 'teuton nf : QptaOufm drop imtfeod 

The suiface^ 'tenacm of and its of contact can be 

determined bf Qtrincke's method. 

Thmy *. -It, has teen In Ait, 167 that smaller amounts 

of 'liquids, placed on horizontal surfaces, which are not wetted by 

, collect as spherical drops. The effect due to surface tension 



in this case excels that due to gravity in giving the drop, a 



shape. If mote liquid is added to the drop, the drop grows fa size ; 
the forces due to gravity preponderate and the drop flattens. Wfaem 
there is a quantity of liquid, the surface becomes horizontal 

and any tether addition of liquid . does not Increase the height 
of the diop. 

Let AB be 'the horizontal surface of a sufficiently big drop of 
meicarf placed on a plate FQ, (Mercury does not wet glass). 

The edges of the drop C and D are curved as la Fig. Ill (a). Let 
k 'be Ac height of the drop and P the density of mercury. 

The. relation between the fotces acting on. such a drop can be 
established as follows: 

Coasldef a thin slice of the drop 
AKMG having a small width KL 
{ dx ) cut out of the diop by 
Fig. in (a) drawing two vertical parallel planes 

at a distance dx apart and another vertical plane KLNM/.at 
light angles to them. 

Let GT be the, tangent plane -drawn .to the .liquid surface 

Hie Mnc of contact of mercury with the plate. . 




..--.- 

. >* 

- 




Let / TGH = Q y the nipple- 
u meat of the angle of contact. For 
meicofff .0 fa about ,40*. .The 

forces acting on the thin slice are 
as follows : 



Q . 

. (1) die hydrostatic thrust acting 

, . '" . a the front face AKMG. 

(2) the hydrostatic thrust acting. on the face at the back, parallel 

to AKMG. 

(3) the force due to surface tension acting on KL and perpend^ 
color to It, equal to T.dx ( towards right ). 

(4) The force due to surface tension acting at G T. cos 0. dx 

acting towards right, and 

(5) the fafdrostatlc thrust acting on the face' KtNM due 
the liquid If ing to the right of it 
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at the centre of gravity of the fac 

X aiea of 



x 

It acts towards left* 




The forces In (1) and (2) ate at right angles to those In (3), (4) 
and (5) aad are therefore in equilibrium between themselves. 

Similarly, forces (S), (4) and (5) ate in equilibrium* 



.\T. dx + T. cos -dx = . dx 

or . T ( 1 + cos ) 

The surface tension of metcury or its angle of contact can 
be determined if one of them is known, using a travelling microscope 

to measure 



It can be seen from the figure that &e direction of the tangent 
drawn to the surface at a point on the edge ACG depends upon, the 
point where the tangent is drawn.. As tie point is taken higher up 
towards A, -the tangent inclines more and more towards the vertical 
and it becomes exactly vertical at some point G. The forces due to 
surface tension at this point G act in the vertical direction. If, ifaere- 
fote, a horizontal plane CEF, parallel to AB and passing through 
G Is taken and the equilibrium of the slice above this plane is 



The-above relation reduces to T 



A* P g 



. 

( whete I is the height KE of the drop above the plane GEF ) ' ' 
since becomes 90* in this case, 

This relation enable us to determine the surface tension of 
mercury evea if the value of is mot known. But the point G on 
the 'curved . end whefe tie tangent is vertical cannot accurately be 
located. To get ovet this difficulty, Edser modiied the objective of 

the reading microscope and used it to determine the surface tension 
of mercury as described in the next Article. 

Edset fitted plane glass pkte G in the objective 



of a travelling microscope as in the Fig. 11} (c) s Rays from a source 
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of light S are made to fall on the glass plate G by means of a 

condensing lens L. The the plate then iiumi- 

nate the edge''tf the illuminated edge can 

be through the by of the fays entering it 

through the G. 

All as C on the edge of the drop Fig, 111 (b), where 

the ate vertical, lie on a horizontal line which can 

be seen tibe microscope when fbctissed. 

T* dOemme h : The microscope is fbciissed on the bright line 
parsing through C and moved .- up and so that the horizontal 

cross-wire coincides with, the ine. Th6 on the vertical scale 

j ) is noted. The microscope is moved up and set so that the 

horizontal cross-wife coincides with 
the fiat top surface of the drop. 
dust 'such as lycopodktm 
be scattered fight!? 
on the top surface of the drop to 
facilitate the proper setng of "the 
microscope. The reading, s a , '" 
taken on Hie verical scale. The' 
difference between the two readings 
gives A. 

. 4, ' 

The surface tension T of mercury is then calculated 




{ As seen from ab ve ) 

in 



Q 



( P 



density of mercury and f the 



acceleration 'due to gravity )* 

Ts dtisrmint ike angle of contact : The microscope is 
and set with its horizontal cross-wire against the bcttom of the drop. 
The reading on the scale, s s b poted. The height h^ is then equal to 
( t s 3 ) ( The height % of the drop emu ako be determined usiog 

a sptitroinetei ) ' ' ^ " ' 



Knowing T from the above experiment and determining & 19 the 
angle is calculated from the relation T = - 



The angle of contact of metcury & equal to ( 180* 

T* ' * 3 
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VARIATION OF SURFACE 

WITH TEMPERATURE 

176 The surface tension of liquids decreases with rise '<rf 

temperature except in the case of molten cadmium copper. 

Tic variation may be studied ia several ways. 

(a) tT-tabe method : A small U-tube, consisting of a capillary 
tube AB on one side and a tube CD having a diameter of about 
1 cm. on toe other, is used for studying the variation of surface 

tension of a liquid with temperature. 

Hie experimental liquid is added to the wldet tebe so itfaat 
It ills the tend and rises into the two limbs. It will be found 
that the level In the capillary tube is higher than that in the wider 

tube. 



Let T be the surface tension of the liquid and let r^ and r 



be the radii of the bores of AB and CD respective- 
ly. For a liquid which wets glass and the angle 
qf 'contact of which is 8*, the pressure, just telow 

2 T 

tile surface of the liouid in AB=H -- . 

r i 
(H being the ata&tfpbeflc pressure). Similarly 

the pressure just below the surface of the liquid 

2T 



CD 



H - 




112 



The difference in pressures just below 
srfece& -fif tie liquid IB CD and AB = 2 T I - \ 

V f x f t / 

If h is the difference In levels of the liquid surfaces in AB and 

CD respectively and P, the density of the liquid, die difference la 
pressures is equal to k 



Hence, 2 T / -I - - ~~~ \ ** kf g . 



Thus measuring h, r l , r 2 and knowing P at the temperature of 
the experiment, the surface tension of the liquid can be determined 
at different temperatures. . 
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(b) A vessel A is closed with a 

two-hoted are two tuba. 

One of is to a of watet a tap B 

G to a manometet M and a 

tribe DE. The BE la a orifioe at E anl 

dim into the 'Contained in a beaker. The 

can be so as to .the temperature of the liquid to any 
dcsiicd value* 

As the. water from the 
. reservolt is allowed to 
slowly drop .into, A, the 
air in the vessel ir db. 
placed. The displaced, 
air forces its way through.. 
the tube DE and escapes 
in the form of bobbles 
' ; 'through the liquid. Each' 
' bubble ' is found to "gtwtif 



D. 




Fig. 113 



gt adually and as It grows, the pressure inside the tube rises as 
indicated bf " the manometer. The difference in levels in the 

increases as the grows, attains a maximum value 



just befete.. tite bubble detached the- nozzle and ,to : a 

aftef *** oil .. TMs process 



few -each .bobble. . . *'.'.. 

The maximum value of the pres&ufe of the ait inside is obtained 
by noting the lowest point' to which the maaometric liquid falls in 
one K4b and the point if raises in the other Hmb 

when eadi diop is detached. 



' i \, If "i- b the masipum diffctence in the levels of the liquid in the, 
two tabs, H, the atmospheric pyesnoe and Pj the density of iie 
manometrfc liquid* the maximum pressure " inside the bubble 



. If - i i 
,Ae 



lieplh of the o^ce below the fine sut face of the 

aid , ; f t &e dmaty of the liquid in it, 



logt outside the bubble at B H + A 2l P a 







*** 



(2J 
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Now the excess of pressure, P, the air in the liquid 

that outside is equal to . ; 



Le. s P = { &! PJ - * a P a ) I ' -.'... ,.., ' (I) 

But it has been shown that the of inside a 

"' , ' ' 4T 

spherical bubble of any liquid is equal to , T 9 the suiface 

tension of the liquid and r, the of the bubble. Since the 

ait bubble has only one surface of the liquid in this case, 

2 T 
the execs pressure over that outside is equal to only, 

2T 

Hum lUmam 

T 

From (3) and (4), P - ~^- - { * x Pj - A 3 p a ) g .... (5) 



or = gf 



( It may be noted that as the air forces out its ,y*ay at E 

iag a bubble, the radius of curvature decreases gradually as 
"the' bubble grows and' the pressure inside the bubble increases. 
: Whcn the bubble is in. ""the form of a having for Its 

radius* the radius of the orifice, the radius of curvature attains 
the minimum value and the, pressure, tie maximum value. When 
a bubble passes this stage, it becomes unstable because the * adius 
increases and the pressure inside due. to -the surface tension should 
falL The bubble therefore grows very quickly and detaches Itself 
ffom the orifice. The process begini once again for the next bubble.) 

i, i fe 

The experiment does not give correct values of T as these 
conditions are not entirely static and as the radius of the. babbie 
just when it breaks away cannot be ascertained with 



This mMh&d maj tksnfore be i wmmimtlj fo cmpate && smfyce 

tmswm &f diffwmt liquids or ffo surfaa Umwm of As same UqM at 
di/ermi temperatures , 

(c) The variation of surface ttasion tett|XKratiife may 

also to studied using a torsion balance, j ' ' ^ ; '" " ' 



t2 Ant 4G& 

177* Surface tension sad temperature 

Surface tension decreases with temperature and for small 

ranges of tdppetature s the variation is given by the relation 



(To being the surface tension of the liquid at 0*, T t 

surface tension at IC, and the coefficient of surface tension.) 

The surface tension of any liquid becomes zero at its critical 

temperature and' 1 the interface between vapour aad liquid at' that 
temperature dfeappears* The absolute value ' of the surface tension 
may therefore be supposed, to depend upon, the remoteness, of fjts 
temperature from lie critical temperature. 

Van dei Waals suggested the following formula for the varia- 
tion of surface tension with temperature : 

(... *g \ a 
1 ~ "r7 J * 

(where Sj .and S a are the surface tcssioii* ' i^spectwely of the liquid 
at T*A and 273A and T^ is Its critical temperature.) 

118. E ise of m, iiqmd between two parallel plates 

If two plane glass plates are kept close to each other in water 
(or in any liquid which wets glass) ths water ( or the liquid } is 
seen to rise between them. 

' -$' '* " " ! 

The meniscus between the plates will be cylindrical m form, the 
diameter of the cross-section of the cylinder being equal to the 
distance, rf 5 between the plates. 

Now the excess of pressure above the meniscus over that just 



2 T 
Tb excess f pressure P 



/ 2 T \ 

at a point just below the meniscus =s I H j~~ I 

where H is the pressure of the atmosphere. 

If h h the Wight to which the water rises beiwieen the plates, 
the hydrostatic pressure due to the rise of the liquid = h f ^ so 
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the pressure at a point just below the meniscus fa equal to 
2T , . 2T 



The rise of the liquid between the plates is therefore inversely 
proportional to Its density also to the distance between the two 

plates. 

I7. Drop of a between two plates 

Twti clean glass plates KL and MN kept face to face can'- be 

Called apart with least effort. But if a K L 

situ*! drop of water (of any liquid) Is 

*****"** f ^ * * * r" ^^^'^ '^^;^;ig r T^' ^gC^.^^.^X^! 

squeezed Into a thin film between them, aw N 

considerable effort is required to separate Flg ' II4 

them. Tto surface tcoslon of /water, cans^ a difference erf .pressure 
betweem the water and the air outside. 

Since the meniscus at the edge of the ilm assumes a cflndrical 
foim, the excess of pressure of the air outside over that of the 

to ^ (Art, 178), : 



Iff A Is the area of film, the _fbtce dw to^ &e ! access 

2T " " 



d Is very 4 small, th force with wMch .ibe 0atei aae piessed 
'bea>ffies quite considerable. 

Taid j)totf ^faw- &e sefwratidl : iy it Ufa J& 

o/ <?! mm. tkubuss* If ths ma of $mh w^ed ty tib-.flm is 

10 $q, l *m 9 Jini'tim minimum fore* ttqmnd to sepataU lie $w@ 

tmsmn of watif ^75 'iym$l cm. ) 



togetiber . - .A. 



of each plate wetted, A = 10 sq. cm* 

Distance between the d a. 0-0 1 cm. 

Surface tension of water^ T * 75 dynes/ cm. 

5 10 * 1-5 X 10* 



Is! 






CHA?, 



the required to separate the' plates should at least 

be (1*5 X IQ*)dfnes. 

of m drop oa a horizontal surfac 

The forces aeteg on a drop of a liquid placed on a horizontal 
surface it not wet) are (a) the force due to surface tension 

and (b) the force dee to gravity due to its own weight. 

The force due to surface tendon causes a drop to assume a 
while the fotce due to gravity tends to flatten the 
drop and It out until it becomes a thin Elm. Thus a sum! 

drop of negligible weight assumes a perfectly spherical shape while 
a large takes a form intermediate 'between a and a thin 

film the combined action of the two forces, 

sit cwveii surfaces : of cloud* 

Kelvin has deduced an interesting relation for the equilibrium 
pressure of a liquid when Its surface is curved* 

' Let AB be a capillary tube of radius r vertically into 

a Hqtiid contained in an endosur e which has exhausted of ak. 

After a time, steady conditions will be obtained ia the enclosure, 

The liquid rises into the tube and the space above the liquid in the 
enclosure will be filled with the vapour of the liquid. 

Let the liquid rise to a height h m. the capillary tube and M be 
a point In the cwwd meoima. Farther* let N be. a point on the 

surface of the liquid outside the tube, and Q, a point 
in the. vapour vertically above N and at the same 

level .as M. 

Then the pieiiwe of the p just above M 

is the same as at Q,. If Pis the pressure of the vapour 

at N on the surface of the liquid, and 9 is the density 
of the vapour in the enclosure* "fee pressure at Q, =* 

JTii ' "* ^^ 




Q 



N 



-jlm':'' 



.". The vapour pressure, ^ above the 

j ' i 

sarfece of the Hquid at M P kvg. 



115 . i,e.j? r nvg ... ... ... ' (1) 

Since the liquid at N and the liquid at M are In equilibrium 
with the vapour above them in the respective positions, the vapour 
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pressure P at N is the equilibrium vapour' prcware ovet the 

plane liquid surface there, and the vapour pressure P at M k 
lie equilibrium vapour pressure over the concave liquid 
at M. 

Now P is the equilibrium vapour pressure of the liquid over the 
plane surface at N ; p is the equilibrium vapour pressure of the 

liquid the concave surface at M and p* is less than P. 

The piessure in the liquid just below the meniscus at 

M P - kf g ' .... ' - .... (2) 

( P being the density of the liquid. ) 

The meniscus may be regarded' to be a portion of a sphere 
.of radius r. 

There will then be a difference of pressure between its two 

' . 2T . ' ' 

sides which is equal to . , 

2-T " '' ' : ; ' 

Thus, p . - ( P - h f g } .... (3) 



* [ If p is not the equilibrium vapour pressure ovet the curved 
surface* but less than it, there will be no equilibrium at M 
and some liquid in the meniscus will evaporate. The amount of 

: ; water vapour in the enclosure will thereby increase and the level 
in. the tube will fall. But since the conditions are steady, we shall 
have to presume that the excess of vapour in the enclosure has 
condensed on the surface at N. It would thereby raise the level 
of tie liquid outside the tube but since this level also is steady s 
it wfll have to be further presumed that the amount of water 
obtained bf condensation has rised into the capillary tube to 
restore the level there to the initial position. The conditions now 
are again the same as at the beginning and the process therefore 
repeats itself again. Thus, there will be a continuous circulation 
of a certain quantity of fte liquid going on fo? any length of 
time without any expenditure of work by an external agency, 
But perpetual motion of this type is not found to occur In nature 
and therefore the assumption that p Is not the equilibrium vapout 
pressure over the concave surface cannot be correct. Therefore 
p must be the equilibrium vapour pressure ; le. s the 
pressure over the concave liquid sin face at 



< . 

,,*fu 

the value of p ia (3) we have 

2 T 
- (P-AP) - 



or kg (P - r) 



or i = 



r 




2T 




r 
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1 


r 


f (P - 9 ) 




2 T <r 


flirg - 


r fp-r: 



2T _0r_ 

.*. P p * CT g = ; * / __ ^ = r - ~p~ " 



( since 0* Is vary small as compared to 

We thus get the Interesting results that 1^ saturated mpmr 
presswt over a cmcaw surface is kss %i ovtr a plow surface. 

In the case of liquids like mercury, the meniscus 'is "convex 
apd $be liquid colump is depressed in the capillary tube. A similar 
atgument as above will show that lie saturated wponr pressure wr 
a num surface of tite Kqutt is than that ever a smrjme 

. ' 2T 
iy m amwnt eqml t - . -JT-.-- 

-' 'if '"i . p . ....... ''- 

The term mtmmUd mponr 'pressure s$d generally refers to ike 
equttitnum pmwfe ooer a plam surface. . , . , ; 

182. Formation of 



Consider a drop of a liquid placed In a space saturated with 
it* vapour (just sufficient for equQit>rium with a plane surface). 
Now that the drop has a convex surface, the existing pressure is 
less' than that requited fot equiUbrium with the di op and the drop 
therefore begins to evaporate. The rate of evaporation depends 

upon the ewsets of pressure, ?Z. . -J- f required foi the equffibrium 

** ! i * TJ ^f t, or ' 

v i ,"* ' " ' * ' ' i 

of die df^p and it therefore varies inverself as the radius of th 
3n**fbt 0/ mrwiitre m H m^f&^m ts mdl for /flrfi 
ta*"ft*raMf ap^ei^k for small 'daps. This conchirioii hat 
mil terestjiig Wpflg 9 t|ie formation of rain drop by precip%tioii 

wmfpr v^ppur m the atpa<|sphere. 

drops cannot grow from a sipall size to a large ske- 

d^p' of ^m^f formed in the atmosphcr^ say, when 

.' j i i 






the latter is saturated with water vapour ;.the drop requires for .equili- 
brium a vapout pressure several the 
pressure. It therefore evaporates to an In tip 
vapour pressure. But as it its the vapow 
ptessure required for the equilibrium of the 

and the drop therefore wiU have no alternative but to evaporate 

tiompleteiy. . Thus rain drops I not if. tky ham f 

m imtial stage when the sto 0f At drop is. 

Thus thei c is aa inherent difficulty for the formation of a 

fe' the atmosphere even when the air is saturated. Unless the vapniif 
pressure exceeds the normal value by many times and tite 
Is highly saturated, there Is no possibility for the vapour to 
dense into drops. ' : 

The process of &mdtn$aiMM 9 however \ u Jami^ei 

ofd&st pflirtj^ks in the atmosphere The dust particles are irregular and 
fthey present surfaces which are not very convex. When once con- 
densation starts, it continues, since the radius of fcervatttre increases 
as the jdrop gcpws and the equiHbiium vapour pr^ware becomes 
less and less.* . ; . ^ ^ , 

183. Prof. Aitken has demonstrate 

the effect of dust particles on the forma- 

tion of clouds by a flmple experiment as 

follows; 

Two vessels A and B are connected by 
means of a flexible rubber' tube R as in 
Fig. 116. A long glass tube CD, provided 
with a rubber tpbe at D and closed by 
.means of a pinch-cock, serves to admit 
ait containing dust into the vessel A when 
required. 



The vessels A and B are partly 
with water and the space above the water 
in A contains saturated water vapour. If 
the vessel B is suddenly lowered, the 

ater from A runs, out, causing an 

immediate expansion of tie vapour. The sudden 

" f _ , 




of the 
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vaponr lowers hi therefore remits in pfodueing 

in A. A Is to form In the space above 

tbe water la A and it and falls into the water below. 

After the is a of times, it is found that 

the sodden of the vapour fails to produce the cloud, 

But if now some dust is into A through the tube DC and 

the experiment repeated, the cloud is. again seen to form. Tint 
pt oves dust are necessary far the formation of cfoadi 

in the air. When the diet pattlcies had teen removed into the 
water below In .the experiment by the descent of the drops Ihat 
were condensed on tbem.thete were no nuclei on which die. conden* 
satioii could late place and the cloud did not form, Bat when 
dust particles' were introduced again, the cloud is formed again. 

184, Wilson's dbmi 



It ' was foff sometime supposed that without dust- particles no 
clouds can be formed. Bet Prof. CL T. IL Wilson .showed that 

an ionised gas also provides nuclei for the condensation of water 
vapcuir. But 'the degree of 'Siipetsatofatibn tpired fbt .sddi 
o>iMlenti0n is rather high and the volume of vapour 1^ tobe 
scrfdealf iacieased bf about 1-4 times* The nuclei in the ionised 
gas axe the lens ( charged atmos or molecules. } present in it. 

'Hie dteud ^chamlicr designed bf Fro G* T. R. Wlson consists 
.of a cfllndrical chamber .of glass A. It con^to of dost-free 




TO 



witii water vapow; the water contained at the bottom 
turation, Another chamber B m atmned inside A and if 



IX. 
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can be jerked down by an automatic device so as to provide for an 
Instantaneous expansion of the vapour in A. The chamber B contains 
air and is connected to & large D through; a valve G. The 

^essei D is initially exhausted of air* Now, the valve G Is 

opened, all of a sudden, ait from B rushes D the chamber B 
falls down* The extent of fail of B upon its initial -height. 

Two wooden, blocks w $ w are arranged inside B to reduce the alt 
space in it. The automatic device for jerking the ekambtr B wmshis 

m imtiaUy evaluating D and suddenly opening the valve G. 

Simultaneous with the opening of the valve G, X-rays . which 
have the property of ionislag a gas arc admitted into A, through a 
side window. The sudden expansion of the vapour produce super* 
saturation and the vapour -condenses on the ions produced by the X- 
rafs in the chamber. If the, chamber A is immediately illuminated 
by -sending in light from a mercury discharge' lamp, the tract of the 
diopiets of water ( which is also the track of X-rays ) can easily be 
ecu* The expansion of the chamber, the admission of X-rays .and 
the illumination of the chamber should be done in quick succession* 
ie., almost simultaneously, 

' , '. ' ' !' 

If a battery connected between' the ceiling and the fiioot 
f the chamber A, any stray ions present inside the chamber, to 
start with, are attracted either towards the cdHng or the floor 

and removed. , . . . 



TMs experiment has been later used to obtain the teaKta of < 
dbcarged particles like a and. j8 rap which aim ..ionise the garalosg 
the path pursued by them* A photograph of the chamber teveab a 
ojntinuous line of small water droplets ' which is the .'path ;of the 
ionising particle. 

185. Detergents 

Certain substances produce a change In the properties of 

liquid surfaces and .are ..therefore known as surface-active agents* 
Some of them are detergents ( or cleansing agents ) ; some of them 

ate 'wetting agents, and some others are emulsion stabilizers. Bet 
detergents include : In ' ftemseftWar the deandng, wetting and 
cmulsiff ing properties* 
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arc to in its property of remov- 
ing any surface. Dirt be of several Msdsp 
at 1 in by matter. Greases' or oils are not 

in water alone cannot remove 'the ".grease 

dr But a is to water, it emulsifies, the 

the dirt. The and the ate then? 

off by water. . , 

Detergents lower the surface tension of* water, when added 

to it. When the surface is lowered, the- water penetrates' 

into the on the or the fabrics more freely . 

be thorough. 



Soap is a wett-khown Biit It fails to have Appreciable 

effect when it is' to be used with water. Synthetic detergents 

(or Syndets) arc mowaiaf s used where soaps fail. 

The detergent action of a soap is very interesting. The soap 

consists of two pacts one, which tries to avoid water but is attracted 
by cab- (w the hydrophobia part) and the other- which is attracted 

by water and not by oik (or the hydiophilllc part). The hydiwarbon 
chain of the soap m decide is ' hydropbobic while the salt end 'of 

the molecule is hycfropMllie. the soap is misled with water, 

there is a partial solution occuriag' at die surface?-* the hydropfailic 
aid" of the nioleeule catering tie ite&r and llie hydrophoMc ted- 

sticking out. But when the soap fa pal into an oil, the hydrophoblc 
di^lvcs IB* it while the hydropMilic pait protrudes out. Thus 
soap is us^ aB a detergent,, the bydrophobic part dissolves in 

the grease or oil on the sut face to be cleansed but the hydrophiMc 
pfdjeets out amd is attracted by waler. Thus an oil droplet 

wi& a hydropbillic fringe is formed and it can therefore be easily 

washed away by water, 



i 

1. Is; an open U-iube mounted on a simd^ ml of specific gravity 
'mi sm/m 28, dynes I m* u pmrL If the mdii of 

0/lfer &T 2- 12 > mm. and 0-72 mm, respectively, Jwd ike di 
in lesds* (The a^gle of contact oil and glass may be assumed to 



Let A be the In tie vertical of *e <A to 

tlie liinbi. 

fa related to the sor Face tension T bf the 



/i i \ 

& X 0- 85 X 980 - 2 X 28 ^ -^^ - Q^" / 

. S 6 X 0-14 _ __ m . 617 cm . 

OT * = "04)72 X 0-212 X 0-85 X 980 

2. A capillary tube of glass of Internal diameter 0-84 m*. i* 
into a liquid of density 0-84 gm. / c.c. and surface tensitn 49 djses | 
Fiad the elevation of ike liquid bOo the take. 

Let h be the capBlaif rise. 

Surface tension, T - 40 d?nes / cm. 

Radius of the tube, r = 042 mm. = 0-042 cm. 

Density of the liquid - 0-84. gm. / c. c. 

2T 






. . _ 2 X_g __ 2-834 cm. 

" 0-84 X 980 X ' 042 



3 Cfltoiflfe fa pnsnn inside a s&rUal ait JnMe o 
0.12 ram. formed below the surface of water ( surf at* ten*!** of 
. 72 dynes J cm,, atmospheric pressure - 1-013 X 10* dynes I sq. .) 

Surface tension of water 72 dyne /cm. 

Radiqi of tiie bubbte - 0-12 mm. Q-Q12 cm. 

" ' " . 2 

? Excess of pressure Inside a spherical air bubble - -j- 

- 2 X 72 / 0-012 - 12,000 dynet / sq. cm. 
Total pressure inside - Atmospheric prewae 4- Ec 
1013 X 10 s + 12 * 10 s * 1025 X 10 dyne* / q. cm. 
' tM method o determines 



collected from (* ^* ^A 5-33f |p^ r 
trfa <wiw of mater. 



Radius C the tube, r * 1*9 mm* =.0*19 cm. 
of drop, m 0-053S4 

04)5334x980 



Q49 
= 72*4 dynes / cm. 



1. Explain the phenomenon of surface tension with suitable 



2. Define surface 
1 -Explain how tension is accounted for on kfneMc 



3. Derive an expression for the excess of pressure Inside a 

cjrladrteal bobble. 

4. : Obtain an expression for the excess of pressure inside a 
spherical soap bubble. ' ' 

5. what fou by * angle of contact f . ' 

Describe how the angle of 'Contact, of metctarr Is determined 

In &e laboiatoff. 

6. Describe with" relwant theor7 how the surface tension erf 
water is determined by the capillary rise method. 

7. Describe an experiment to determine the surface tension of 

Itafc&ff by the method of drops* Derive the formula wou use. 

, , ' 'V. , . ',WW!> 

,, IH-IK 

'8 Dcrib an experiment to compare the surface tensions of 
a liquid at different temperatures* -''" 

9. Derive an expression fof the difference in the saturated 
pressure of a vapour In contact with a plane surface and that In 

contact witk a curved surface. . - 

10. Write notes on : 

, of a Iqnid dwnr Mqd ; 

, of a liquid mm a plane glass plate ; 



(c) variation of surface tension of a liquid with temperature ; 

;{4}> , formation 'Of cloudi ; , -.- : * 

(e) Wilson J i doad chamber ; 

<o 
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11. A U-tobc on a vertical stand contains a liquid 

of density 079 gin* / ex. of surface 48-5 dynes / d% 

If die limbs of the tube arc of radii 1-89 nun. and 0*63 mm* 
tespectivelf , find the difference in vertical heights Doming that 
the angle of contact of the liquid is zoo. - 

{Am* 1-326 cm.] 

12. A capillary glass tube is dipped first into a beaker coatainiiig 
nates and then Into mercury, Water is found to rise to a of 
25 cm* and mercury is to 'be to a of 0-75 cm* 
Compare the surface tensions of water and mercury (Angle of contact 
between water and Is aod that between mercury and 

glass, 130). {Am. 1:6*344] 

1 ' *** 

15. Mercury is poured Into a U-tube mounted vertically on 

a -''stand. Find the difference In heights of mercury in the two 
limbs if the tubes are of radii 1-25 mm* and l-Ol .mm. (Surface 
tension of mercury '420- dynes / cm., density of metcurf 13-6 gnu / c,. 
and angle of contact 135. j ..... . . . An$. 0-3124 cm. ] 

/"" -14. Find -the pressure inside a soap bubble of radius 0-7 mm., 
formed in a soap solution if the surface , tension of soap solution 
is 32 dynes / cm* and the .atmospheric p# esswe of mercury is 75-9 cm* 

[ Am. 1-013 X 10* dynes / sq. cm. ] 

* 15. . The pressure Inside a soap babble of radius 0-64 mm. 
b found to balance a column of oil of height 3-2 cm. and of specific 
gravity 0*8. Find the surface tension of soap solution, 

[ Ans* 40*14 dpies / cm. ] 

16. In a drop weight determination of the surface tension 
of an oil, 50 drops are collected 'down a narrow glass tube of 
external diameter 4*2 mm. Find the mass of the liquid collected 
if the surface tension of the liquid is 50 dynes / cm. 

' 2-036 gm. 



17 100 drops of water falling down a tube of external 

cHametei 35 mm. is collected under coconut oil of specific gravity 
0-8. Calculate the interfaciai tension between water and oil if 
the water collected weighs 1245 gm. [ Ans. T 3t>4, df nes / cm. 



IS. Explain Mqmds surface tension. Describe, 

HE the relevant an experiment to find the surface tension 



Of wator aceiifatrff. t 4 * 

19. Stele and when (I) oil is. pound 

OTOT and {11} particles arc sprinkled ovet 
the surface of water* 

Deduce an for the pressure inside a 

bubble. How is the verified? [4. U. Sept., 



20. Drfbe surface tension of a Hquid. Dwcl>e 'the capiUaty 
Mtfent iMtlwd fot Ac of the surface tension of a 

I<|il4 giTOg tbe deiwatkm of the fornmla that Is used in Ufe 

How does vary with tempGratoe ? 

[A. U.April 19631 




21. I^siive an expffesslon for the excess pressure Inside a 
corvfcd itpid sotfrce. Apply the formula to the of a cyHndrical 

fflm and diseivs teicfly the of a cylindrical Mm. 

A. U. SepU.1963J 



theory a mediod of 
be variation of surface tendon' -with tempctature. 

The difference of piessme between die and outside of 

soap bubble of diameter 3 mm* fa 1 cm. of liquid of specific 

0*8* Galeulats the mr face of the soap solution, 



(Acceleration due to gravity is 980 .cnu/aec*.) 

; 29-4 dines/cm. ) [ A. U. April 1964 ] 



. Describe Qpineke's .meliiod of Ending surface 

Ae formula employ edL ..... Write a note on tlie angle of contact. 

CM. <j.5^i., ia] 

24. Describe Jaegat *s of finding surface tension deriving 

employed. What are the imitations of the method? 
omfitions leading to the formation df.diops. 

[ M. m AprM 1965J 



'25. Bedtace an opt wacm foi the csctest of pnaa&t Inside a soap 
bubble in terms of Its tMius V and sutface tension T of Ae soap 
potation. Two sphoricml soap babbles coalesce* If A V Is fee 



consequent change in volume of the contained ait A S is the 

change in total area, show that 3P. A V = 4T. A S, 



where P Is the atmospheric pressure. [ A. U. J^rif 1965] 

26, Arrive at a relation connecting' the of 



a curved liquid surface and the principal of curvature of 

the surface* 

Write a note on the formation of water drop. 4. U. M&itk 19SS] 

27. Define surface tension and state the unite in which it is 
measured. Describe and outline the theory of one method, by which 
fou will measure the surface tension of a liquid which wets glass. 
What is the mean pressure inside an ait bubble of fadltis 1 mm., 
100 cm.,. 'below the surface of a pond? (surface tendon of 
water 72 dynes/cm., and g 980 cm. / sec 5 *. ) 

(An* : 1412 X I0 6 dynes / sq. cm. } [A. U, %!., 1965$ 

28. Explain how the interfacial tension between oil and 
water may be determined* The difference of pressure between 
the Inside and outside of a soap bubble of diameter 3 mm. 
corresponds to 0*6 cm. of water* What is the surface tension of 
soap solution ? (g ** 980 cm./sec*.') ( Am. 22-05 dynes / OIL ) 

[JL U. %f.,iS65] 

29. Find an expression for the vapour pressure for a curved 
liquid surface. Explain the formation of drops* Write a note on 
monomolecular layers. [ AL 27. Apnl 1966] 



Write motes on surface tension and surface energy. 

[M. U.April 1966] 

31. JExprfn the terms (a) .surface' tenrion, (b) surface energy 
and (c) angle of contact. 

Describe In detail an experimental method for studying the 
variation of surface tension of water with temperature 

" ' . " " ' - ' [A. U. 

32. Wfte.diofl noteJ on (a) * Detergents and wetting. f 



(b) Vavfatbo of surface tension with temperature. 
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an fot the inside a 



spherical 

of a spherical bubble of the liquid? ,, f 

A of of 2 is spit Into- 1,000 tiny drops. 

the of the drops, (surface tension 

of water 70 / cm. (4m. + H dynes / sq.'cm.) 

IA.U. 1966] 

,. " i 

'? 

34. Explain the * * and * serf ace energy. * 

Derive an for the of of the liquid inside 

and a capillary tube 

When a capillary of 1 mm. is in mercury, the 

of mercury is to be ! cm. the level outside, 

the surface tension of 'mercury, '(Angle of 'contact of 

140*. ) 

| Ant. 435 dynes /'cm. ] ' [ J. U. 0<&, 1S6 ] 

S5- Describe flic drop method of finding the surface 

tension of a Squid as well as the Inter facial tension between two 
liquids. Gwe a simple theory and indicate the'reinement needed to 
give a come! value. 

A sphere of water df radius i mm. fa spt ayirf into million drops 
aE of the same size. Find the wotk expended In doing this. 

[4K !2^4Teis.] [ A IT. ^rfl 1557] 

96. Dttmbe any two expetimoits to show ftat the surface of a 
Squid bdiav^ Hkfe a stretched elastic membrane. Describe' with 
necessary tbeovy *e capllaiy rise method of folding the surface 
tension of a liquid. 

[1.27.0^,1567] 

** ^7 <*. - ^ . 

cting 



a curved liquid surface and the principal radii of cm vatare erf 



the tarface. Write a note on the formation of water drops. 



CHAPTER X 
VISCOSITY 



'-" 186. A fluid is genetaUy defined as a substance which canine 
withstand ,t shearing stress. All fluids, -actually however, do -oSc* 
fesbfcaoce wben there is relative morion between ifccir dlfforent 
l^yeis^iid it Is aecessaiy to apply- tangential forces if the-xdative 
motion is' to be maintaiaed. TA^ ^r^r^ ^ aftfeft fl /ijwi ^ 
Jto nsUtance to kliw mafiwi fcto te AJeraf %fs .fc mlM 



Since the resistance offered opposes the motion of one layer 
past another layer and is this similar to friction, it is also called 



If water, contained In a beaker, is stirred w&fc a rod, it is seen 
that the water in contact with the rod moves with It, while th 
water near the walls of the beaker is stationary and the intennediate 
portions move with different velocities. If the stirring Is stopped, 
the relative motion between the different parts gradually stow 
down and the water as a whole comes to rest after a short time. 
The internal forces of viscosity ate responsible for bringing the 
water to rest. It is on account of the viscosity of air, rain drops 
fall slowly. The viscosity of sea-water makes the waves subside 
when the wind .fells. 



187. Coefficient of 

! 

The law relating to vbcodty was given by Newton. He assumed 
that, when the fluid moves fa parallel layer., the velocity being 
different from layei to layer, the relations governing the tangential 
force F acting on any layer, a** a follows: 

1. The tangential force fa directly proportional to the atea 
of the layer. 

2. It is directly proportional to the dffltewnce in velocity 
two adjacent feyers. 
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S. It Is fasveisctf pfopotthmal to the distance apatt between 

the 

Thug, If A b U aica of the layer and 9 and z? + ifo ate the 

of two b? a distance & ( in a direction 



to tha 

A 

F oc A . 7- of F f A . 



whore f b a constant 
the liquid or the gas and is 
called Its coefficient of 



i i 



Fig. us ^ <* wtocitf 

in the liquid. . . 

:(!) b Vliirtufm L*w of ,>bwis flow to 
If In (I), A == 1 on./aec. 

|fo..,p 1 CB|. ..: . ;' ;. , ;;;/ ... . . . -. . . '. ' 

.' ;W d A = I sq. OB* . 

get F ll( =^ f. ' . , . ' , i ; . ... . n- 

/ ww% ^ JWi frAr tangential fqw p*r 



fib mjmmtnf mms^ f * fM i* 
mtt mm to tin vdmty gfaMmt in Aefmd 




e co exprened ia ^?M P ! 

per unit vekwlty gradient. It differ* from liquid to liquid and gM 

to gaa 

Vtaeosfty 



'fefcmiMiHi 



ient of viscodty if is 0ven by the idation 

* 

ife 



189. Stream-line flow and tmrbulemt flow 

Wlm a has to flow tinongh a channel or a tube^ It b 

, ' W W JmM'^im^ ^J^'^y^r "? ' i ' 

actol 9n by an q?c [of pffsawe al pn<5 pd w 

f 
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ft forward overcoming the viscous drag on the different layets of 

iie liquid. The velocity .of flow, for a given external 



depends upon the coefficient of viscosity* If Its velocity is In 
than a certain velocity, the critical velocity, the liquid 

flows in an orderly and the flow is called steady flew r 

stream-line flow. But if the 'velocity is more than the critical 
velocity, the orderly flow ceases and its motion becomes, 
turbulent. 



In steady flow (or stream-line flow) the velocity kt every 

point of the of the liquid constant. The path ' f bf 

any particle In the liquid in motion will be along a 

definite line, called m line of flow, the direction of which at evety 
point gives the direction , of motion of the liquid at that point. 
Such a line is called a The Hues of flow are parallel 

to the axis of the tube when the liquid- is having stream-Sine motion. 

When the external pressure causing t the flow of the liquid Is 
excessive, the motion of the liquldTtakes place with a velocity greatet 
flian the critical velocity. The particles in the liquid then begin 
to move In cuivcd paths forming eddies, or vortices, losing aU 
orderliness. Most of the energy suppled, by the external pressure 
is utilized In the of vortices. The flow Is then said 

to be turbulent and the liquid is said to be in turiwim$ M&B. 
This may be illustrated by iatr oducing a little colouring matter at 
a point of the inlet. When the driving pressure Is small, Ute colour 
spreads in a thin line in the tube Indicating stteam-Mne flow. But 
when the pressure Is increased and the velocity of flow exceeds the 
dlilca! velocity, the orderliness is lost, -the motion becomes turbulent 
and the colour is found to' sptead across and 111 the entire tube. 

lift. : Critical velocity and ReywfcliiPs number 

When a liquid flows through any tube, the .dimensions of the 
tube also effect the critical velocity. The liquid can have stream-line 
tow even at higher velocities provided It is viscous enough and Hie 

tebe Is narrow. But intebuleiit motion, the density of the liquid 
&> involved since the energy supplied is wasted la' the formation 
of 'eddies. High mscosity for mgy KqnUt promotes slfeam-tint or 
but tm wcosity and high density : " emmmgv turtmlmt motion. 



If 1 b the coefficient of viscosity of a liquid, p, its density, and 
r f the radius of the tube* Osbotne Reynolds showed that 

the ethical velocity V c =* ~ 

* c r.f 

( whore K Is a called Rpmld*$ Nnmbe? }. 

K was found to be 1,000* 

The rate ofjbw of liquid, it is in does mi 

depend Ik density of the liquid, but mly m iU visconly* 

190, (a) Fugitive 

Fkoin the deinMoa of -cocfficieat of visccaty we have the relation. 
Tangential viscous stress, Le., tangearial force per 
f x telative vdocity giadient 

d 



f x 5T * f 

d / dx\ 



(I) ~ > 



- f * 

Hare H is the vdoclty In Ac ^ direction which Is Ae iirectlon of 
motion and the direction, a -direction perpendicular to It Tte 
gradicBt b taken In a direction perpendiculai to the diwx&" cf 

motion. 

In the case of elastic soldi, we have a similar relation far 

|f rigidity 9 % m follows : 



Tangential sheari&g stress = n X sheaf, = . - .... (2) 



oe *e angle of' shear is equal to the ratio of the relative dfa- 
wil between lays to the distanos between the layesa). 

Hare 6c is the relative displacement between the kfett in the 
direction of K. 

A dose dmilarftf exists between relation (I) and (2). This 
Jtataon. and Maxwel consider that a meow liquid is the 



of an elastic solid, which is breaking dawn under a shearing stress* 
This Hnd of interprctatloni is especially apt in the case of substance* 
like pitch aad sealing-wax, which behave as solids but break down 
unde? *ffjhmf and begin to flow (very slowly) even-as a fluid. We 

thus regatd liquids as possessing fugitive elasticity (tigidlty) 



2fil 

Mid if m In (2) is the of a liquid, we have 

from (!) and (2) 



If we write Q $ the angle of we will have 

JL 

dt 



If we assume that H. , the Fate at which the sheaf bteaks. down 



is pfoportfoiial to 0, we may write, ( -^ ) / = Xs a constant, 

Relation (4) then becomes X f * Q f = M (5) 

Ai 

Is called the time of relaxatism* 
A. 

Eqimtion (5) gives the relaSon betwa the coeffidoat rf vssccmty 
of Ihe Iquid and its fs^itf^e elastidtf * 



191. Betrrmmstiom off : Folse^iile's 

a convenient met 



by siaasiiring its rale of bw tkronE a empiEarf tub* It- 
was assumed, ia ai the experiments OB the deter mlnatisoa of f by this 
method, that 

(1) the liquid flows In stream-lines parallel to the asis of the 

tBbe s and ' . ' ' ^ 

(2) that tners Is no sip between the walls of the tube and 

the liquid, ie* 9 the layer of the liquid in contact wi^h the walk 
of the tube is at rest. The velocity of the . liquid increases ai 



approach the axis of the lube and becomes a maximum at 

the axis. ' . : ' ' ' ' . ^ "" 

Let a liquid flow through a capillary tube of radius V under a 

coastant difference erf pressure P between Its ends. 

Consider a cyHsdncal AB of the liquid of fadius r 






CHAP, 



Lei the of the at a distance r and r + tfr from 

Ac MIS be and + du 

rfit 
.*. The = 



Hence the viscous drag on the Inner cyHndcf pet unit 



atea = f 



( f being the coefficient of vlscositf of the liquid. ) 




A 



"V 




Fig* 119 

If I is the length of the tube, the area on which the viscous dimg 
acts * 2 flt f I. 



.- The viscous 



~2it fit 



(1) 



the pressure dMereace between the ends of the tube is P 
' force- acting on the cylindrical shell = ** r S P ... (2) " 



: ' Wien the low of the liquid is the two forces must be 

equal so that 

' du 
fin 



* 



of == 



" 

on Integration, g ^ 






+ P 



(*) 



( G befog the constant of integration. ) 

'But the 'velocity at the' walls of the tube fs zero 
so that when r = a u = 0. 

P 






o - 



4f I 



, +C oi G . 



4f 



* 



(5) 



Substituting for G la (4) we get 
P 



_ f i ) .... . (6) 



TUs expression gives tbe dnttibolkm of velocity of Ac 
In the tube and it cam be to determine f . But It is 

convenient to the volume of the liquid out per 

second rather than the velocity of the liquid flowing at a particular 

distance from the am. 

If dV fa the volume of the liquid flowing -out pet sec. thtoogh 
the cylindrical shell, then 

= 2w. dr. n 



A Volume of the liquid flowing out per sec. through the tube 

a . 



a 



[' 'ft'-' m*ft. ' ^A. H 

$.** *, Jr* ^ J 

2 "" Tj 

e, ' v , 9 



8fl 



(8) 



The ooeffide&t of the viscosity of a liqi^d, f am be 
using this veladoQ. ". ' ; 

192. Corrections for tlie formula 

The rekfba (8) apples strictly In an Ideal case whoa the 
liquid-new through the capillary tube fa extremely slow so that 
the liquid just drops down at the outlet end. Otherwise, tint above 
relation requires correction (a) for the kinetic energy acquired by 

the liquid (ntffisiiig a part of the pressure head) and (b) fo^ 
the acceleration of the liquid at the Inlet end of the tube. 

. .{) Let. Pj be lint pressure difference between fee aids of 
the tube which Is needed to overcome the 
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Thus, done In viscosity = P x V ergs _ (l) 

Volume of the through the shell pei sec. 

= 2 iff ifr s* 

of the liquid flowing out per see* 2 r. rfr. p. n, 

( P being the of the Mqiild. ) 

Kinetic of the liquid flowing out 

=| {2 *rr. dSr. p. ) E^ 

A K* E* of the liquid lowing through the entire tube 



*** 

par sec. = f *t P 8 * * 



.*. K. B. per sec. ^P l-| j-\ J .(**+*}* r d 



= P -- (-S*r + 3f* - r rdr 






r 1 

TJ 



If ? is the observed difference in pressure between the aids 

of die tube and V 3 the volume of the liquid flowing out per sec 5 

total work done = FV a This has been used up in doing work 
against viscosity and in imparting K. E, to the liquid, 

... PV . - 



., 






(b) It has' been assumed in the low tbat the velocity 

of the liquid remains the the of fee tele. 

But the liquid eaters the tube at the 

end with aa 

as it flows along and at a 

certain point G in the tube. The 

at C is called vena coatrmcta. To 

correct for this, the length of the 

is supposed to be increased by a certain 

amount, K. a ( K is a constant is 

equal to 1*64 in most a is the 

radius of the tube ). 



Fig. i ao 



** 



The corrected of the on. account * (I + 1-64 

Thut applying life two corrections, -Poiscuitte** formula 



1*64 n) 



f Is sometimes called the 



wMie - f 



13. E^perimeat ; The PolseBslk's formula can be used to 
, the coefficient of viscosity of liquids available fa laige 

It is convenient ia all usperimtnts to mss a constant 

pressure head to maintain a pressure -difference between 

the two ends of the eapllaai? tube. 

Hie constant pressure head consists 
of a cyiindri<al %nk G, ptovidt^i 
witb. a side opening through which 
a one-iioled rubber stopper carrying 
a capillary tube A Ss inserted. An 
tube T brii^s in wator (or 
to the tank An outlet 




A - 




tube B is arranged inside the 

with its upper end at a convenient 

height A above the axis of the capillary 

tube. When the fiow of the water T is ptopoiy adjusted 

water (ot. liquid) in the tank is. maintained at the same level* 






tie of flowing out B. This ensures a 

constant of the two ends of the capillary 

tube, which b equal to A P ( P the of the ). 

The capWaty tube is j&tf with acidified potassium 

dkbzomate solution and next with tap water. It is then fitted 

the rubber stopper in the constant pressure head tank,. 

.Water (or liquid) is. allowed to run down into the tank 

C through the inlet T, until its level is just above the opening of 
the outlet tube R. The Inflow Is then adjusted so that the level 
females steady at the height k above the axis of the capillary tube. 

A dem and dry beaker Is weighed empty (m^ )* Water 
flawing o*i freely from the capillary tube is then collected into the 
beaker -far a -known rime (say 20 minutes)* The beaker Is again 
weighed (i% gnu). The mass of water collected in a second is 
calculated and the volume of water flowing out per sec., V, is 
obtained by dividing the mass per sec., by the density of water, 
f, at tie temperature of the experiment. 

The radius of the capillary tube, 0, enters In the fourth power 
in the formula for viscosity. Any slight error In the value of V. 
magnifies die enor in the final result to an appreciable extent. To 
obtain the value for V accurately, the capillary tube is taken out 
of the tank and dried. It is then filled almost completely wifk 
mercury. Tie letigtii of the mercury thread V is measured carefully 
with a scale* The mass of mercury V- is then obtained by emptying 
it Into -a weighed crucible and again weighing It. The volume of 

mercury inside the capillary tube Is equal to (p 1 being the density 

of mercury ). The average r adius of cross-section of the pellet which 
fa also die value for V above is then calculated from the relation 



The length of the capillary tube * T is measured with a scale 

and the coefficient of viscosity calculated from the relation, 
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The viscosity of the 

ratnre of the experiment be 

184. Variation of 

The viscosity of a liquid Its 

with temperature can be with the of an 

described below. 

A capillarf tube AB is In the bath. The 

B Is joined to a wider GDE by of a rubber tube. 

A bent pin is fastened to that wider tube and Its tip 
Is arranged to just touch the liquid In the T 

vessel. When the liquid Is to out 

through the tube ABODE,,, it ' will out under a 

pressure head k { =* FE ) of the liquid. As the liquid 
flows out of the tube in the experiment, the level 
in fbe bath falls. To maintain- the same pressure 
head, 1, the bath gendy raised 90 that 1be of the 
pin Is always in with the liquid surface in the 

bath. 

The liquid Swing oat of tfae' ; end E is '.collected 

for a known Internal 0f time and .its volume per 
second calculated. Tine coefficient of f can 

ia ji 

be calculated' from the relation f ~ , s detenodiilag V and *f of 
the capillary tube as la the above experiment. 

. To stndf the variation of 
viscosity . at different 

ratures, the is 

repeated at different tempe- 
atones, keeping the temper a- 
tute steady at least for 4 or 
5 minutes at each tempera- 
tore. The viscosity of a liquid 
fa found to with 

teinpctatare and a graph 
between wcosity and temperature will be as in Fig. 12$. 

33 




GO 



05 




im 



Temperature 
Fig, 123 



GHAfr. 



If f 1 and f a sure the of viscosities at. temperatures 

and f^C 

P. P 

then t c J. and 9oc 



However is no relation which the variation 

of viscositf with -temperature accurately. Stotto suggested an empirical 

fotmuk 1 i = . 

% , i arc lie viscosities at f C and 0*G 

Another formula on was suggested. 

If f T fa' the of viscosity at any TA 'then 

i JL 

1 T = A, .where A are constants a the 

specific volume of the liquid. This.. the relation between 

viscosity and .fairly accurately* 



The of liquids or. of the liquid* at 

different be compared IB a maimif 

using Oitwakfs apparatus,, .. ,. . 

Ostwaicfs apparatus of a U-tabc ABODE with a capillary 

seetioB as la the Mg. ISH^ /Marks K, Ly M and'N ate m. 

'the tobe as shown and -tbe.;-. end B fa'prcwlded with a rubber tote 
fitted with a placli-a>ck 9 T. The bulbs are nearly equal in volume 
and lie marks aic such that 'the volumes K and L is 

equal 'to that M N. The of L is above tbat 

nf N.' ' This '-arrangement may" be in ..a suitable liquid 

bath, if it is to the of viscosity with temperature. 

The given .liquid is then ' introduced into the tube through 
A aud its volume adjusted so that the liquid occupies the portion 
between the marls K M when the pfaeliHDocl Is closed* The 

pfach-cock T is opened^ air sucked out of the rubber tube so that 

tlte feifei of the liquid rises up above the mark "K 9 and tfaea the 
pinch-cock is closed. OE opening the pinch-cock again, tie liquid 
inflow down the tube EG into the tube CA. The time 






bf the to fall Ac K to the I- is 

The is or foui and bf 

Ij Is 
The Is with the liquid also 

and Ac time f a by It to fall K to L 

If V is the of the which 

the capillary as the 

from K to L, the oiiimes V a and V 3 of the 
two the in 

' V , V 

and 

I, t. 



a second ate equal to 



V 

v i 





mn I" 

I, 



andV, 



^L 
f. 



The- coefficient of of a .liquid varies 

inversely as the fourth of the of 

the tube. The of the tube 

therefore be to hae no effect on the 

rate of flow of the liquid and that the capHary 




Fig. 124 



portion alone determines the rate of flow. If f t and f 2 tbe 
coefficient of viscosities of the two _ . ' ; 





8 3 I 



The P r and P 4 ^> ^changing as the iqaid icywi 

of the capilaif tube. Beit fot of the level of 

In the tube EC, the is prop>t&Mml of die Iqwd* 

Ifcace for evety corresponding positions of th 



oe 



^ d^ being.. the doiritiw of die liquids. 



8 (vk) I / 



Thus knowing lie densities of the liquids and measuring 

s taken bf them respectively, the can be cornps 

viscosities of a Hq uid at diffefeni: tespemtures can be comp 
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ia the by the in the Ostwald's bulb 

and the at temperatures, 

lift, of metbod 

do not flow through capillary lobes 

aad of % therefore fails. Sir George 

Stokes In f can be determined by studying 

the of a down the liquid. 

Any sphere dropped a liquid begins to move down 

with acceleration under gravitational pall. Bet its motion in the 
liquid is opposed by- viscous forces in the liquid which also Increases 
ia magnitude as. the velocity of the sphere incicases. Finally a velocity 
wffl be attained when the apparent weight of the .body becomes 
equal to the retarding viscous forces on it. Consequently there 

wffi be no further and the sphere continues to move down 

with the same velocity thereafter. TMs uniform velocity is also called 
the terminal velocity. 

Stokes obtained a /mathematical relation, on 
Hydrodynamlcal considerations, for the viscous 

drag dn such a sphere moving down in an infinite 

' medium with a velocity v. The viscous drag, F 
according to Stokes is given by 



.C _-* - 






^^ F = 6 W fl 



where if is the coefficient of viscosity of the liquid. 
Let a be the radius of the sphere, 
P, the density of the sphere 

~T ' and r the density of the liquid. 

f , . , ' 

:. The apparent weight of the sphere = f <xa*(P <r)f ... {2} 

If f fa the terminal velocity, 

| ^s (p _ ^ 

1 us 







But in practice, it is not possible to have an infinite medium for 

the sphere to move down* , For accurate results, corrections will have 

fj> be ; applle<! for the finite size of the container, 

oesit : Th given liquid is taken into a tall jar of fairly 



'dianieteF. Four or five parks A, B, C s D ... are 4^awn op 
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jar at equal distances to indicate the so the of 

the may be 'calculated to 

A steel ball (from ball Is centrally the 

jar. Tbe by the to the AB, 

BG and CD are noted. (If they are equal, the Is 

down with the terminal velocity. Otherwise, a ball of 
sho-iild.be so as to obtain this condition). tcrmiaai 

velocity v is calculated from the observations. 

The mean of the ball (2) is accurately measured 

a screw gauge- The coefficient of viscosity f is 

* ' ' ' ' ' ' : ' ' ' ' 2 a 
from the relation, f -x (P *) f 

7 */ 



( P is the density erf steel aad c, the density of the liquid ). 
*! a (ft) f viscosity f a gas OB kmeflc 

Afi : explanation' -for the viscosity of a gas was given bf Maxwell 
on the basis of Hnetic theory* 

Let in consider a gas flowing steadily in the direction of the 
arrows ' {Fig. 126). Consider "a plane MN In the gas and let the 
velocity of flow of the gas be along MN. 
Let AB and CD be two planes . ' 



parallel to MN, which are respectively *~" | , 

above., pad 'below .MN and let M- f ' ' N 

distances from MN be each equal to X* c * _ ^ rt 

the mean free path of the molecules --VA-- 



of the gas. Let (p + <fe) and (i? A) Wig. 126 

lib Ae velocities- of flow of the gas :along AB and CD respectively, 



According to the kinetic theory, the molecules of the gas have 
mmretBenis mad as 'a conseqiwa< erf tbew random move* 
ments s molecule* of the gas wM 'be mating Across MN from the 

layers above and below MN. Let n te the nnmbet of molecules 
per ex, oFthe gas.' We 'ma?, f simpliily, asnuae that these n 
iw>leciiles are : divided into three equal groups, one gtoop moving per* 

pendiculai to the plane MN and die' other two groups moving fa, 
perpendicular directions, parallel to the plane MN. Of the ( $ ) 
m0le0oiQS mcyvfaig 'perpoadlcular to MN one half may be supposed ID 



for M^m Unlmtsity* 



be the half upwards, at any instant, 

Thus it be the of par c.c. 'In the 

cms arc to MM in the downward direo- 

|J) "W &L 4- 

tkm is to . If c Is the of die molecules 

of the the unit. area of UN in the downward 



ws a * 

la I we. -y . the number that passes unit area 

6 

of MN is the ia 1 sec. is also equal to These 

tiro sets of in the plane MN and we may consider 

the feral! of these 

The MN in the downward direction would have 

had their for the last at a diitanee, X atxwe MN and 

therefore- they to the layer ML CtonsequenMy all these 

n _ ..... f uiolccal which unit area of MN in- ! see* from AB* would 

6' ' : . ;--... . ' 

have Ac f + A) In addition to r andom velocities. 



If m Is the of a .molecule, the momentum in the direction of 

fl0w of the by a molecules = at ( 9 + A). 

"TlierefQrG the molecule, which pas unit area of MN in die 

'carry' with tbem a directed 

/ ' -i \ 

as (f 4" * I 



the molecules wMch pa unit area &f MN In the upward 
ditecdoo come from the layer CD which have a velocity equal 

to (p rf>) and they cafry a directed momentum . , (0 At)- SjL, 

I , . I , , *" 

in the upward direction. 

; * ' i' 

glace die iow is steady, the velocity of the layer MN is now 
altered and ecnseqiisBtly there is a net transfer of momentum in the 

downward direction which is equal 



_ 

pet 






Due to transfer, the to be 

the layer below accektatol. The act 
null at ea la unit time . measures the 

<r 7 ~""|J} 



to the definition is given by / = f = f , 

dx . X 



m me . ^ m it /,% 

i*e., f, = 5. A of f .-* ..... z - .... (!) 



Since the mean free path, X = - C vicie Art* 133 ) 



equatioii (!) maw be-ivfitteiras f - . (3) 

^ ' 2 



. Tfefas : cqnatfoii does not contain the of per c.e. 

of the gas. It therefore follows that gm is 

*f iff density, Bat the density of a gas is directly proportiial to tie 

pss!ife of the gas when its temperature Is Application of 

die kinetic theory to the study of the viscosity of therefore 

leads to the conclusion, that Ife m$c@sify of & gas is mdipmdmt of 
ike of tin gas* This conctelcm is found to be In agreement 

with the results of experiments conducted on gases* except when 
the ptessares are low, and the fact is to be significant evidence 

'in support of the kinetic theory of 



From equation (3) it is mb f = u, Le. s f oc 

The coefficient of visoodtp should be propottioiial to the square 

root of the ahsotete tempcratwe. Though die viseositf of a gi* 

found to iiicnse with temperatarej the thwrctical rdatfoa f oc 

is not steictly obeyed. 

197* Frictiec mmA lubrication 

A bodf {feced oa a hofizontel on bf a smal 

horiw>ntal force/ applied parallel to the plane* not in general 

move. TMs is due to the fact, that aa but opposite to / 

comes Into action at the surface of separation. Tim opposing force 
is calhid fkfaftiM. As Khe ap|dkd force is increased gradnalf , 
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to move at a certain stage. The force F which sets the 
bodf in is the friction. Experiments reveal 

that the bears a constant ratio to the normal feactfen 

R { which is equal and opposite to the weight 
W of "the bodf it is at test)* The 

_JL> Is as the coefficient 

__ static feictioa and it Is denoted by 



w .-. p = _. or F 

Fig, 127 ** 

To keep a body in contmaous motion, a force should con- 
stantly be acting OB it to. overcome' --frfetibn. '-This force needed to 
keep it on in uniform motion Is found to be less than that required 
to set the bodf in motion and is called friction.. Con- 

seqacafy' the coefficient of sliding friction is less than the coeffici- 
ent of static friction. The coefEdeni of friction is "different for 
pairs of substances. . 



Friction is sometimes purposely iotiodaced bf ' : way of friction 
clutches to ^rve as'. bvakes to a naming machlaetf. 'It. is also 

used to transmit power fiom a motor to a machine ferof^h' -a bell. 
The nuts, nails etc., hold on to their positions or, the men and 
animals are able to walk, due to the irlction between the wall and 
fhe nail or the foot and the gtound respective!]^ 

Bf. Bowden ocplaim that friction is developed because of 
the unevenness of &e contact surfaces. However smooth the smfaces 

.may appear ** ^ f A^e -wiH certaialf be a miiribeff of elevations 

and depressions, the height .of the depth of which are of the 
dixnesions of a molecule. When a body moves over another 
surface, the elevations in one of the contact surfaces get interlocked 
in the depressions of the other. Consequently a force Is required 
''to. dislodge these elevations on the moving body. This explains 
the need for a force to overcome the iaterlocfciiig effect, 

1 ' Friction is a dissipating force and it should be minimised 
for Increasing the efficiency of a machine. For reducing friction* 
a drop or two of some oil ( or dust of some soft material ) is pet 
between the contact surfaces-. The oil ( or the material } is called 
a lubricant and the process of reducing friction, s ioforlcataoa ? 



The oil (or the fine dust ) enters into the In. the 

surfaces and also forms a thin layer 'so that 

the surfaces Is. prevented. When the .solid move, 

It will be the viscous forces In the. lubricant in 

the and this fluid friction is always lea than the friction, 

between two solid 'surfaces. 



However efficient & lubricant may i< 9 it 
altogether dww&U if. It was found that an effective 

should have the following properties : 

1. It should be sufficiently ollf to spread between the surfaces 

and keep them separate under the working conditions of 

and temperature, 

2. It should be chemically inert and not 

any decomposition at high tempenttuves. 

3. 1 should remain in the same state and should not get 
squeezed out. 

4. It should have low solidifying powct If it is a liquid* 

'. 5. It should be capable . of omdiictiag away beat pwxiiiced 
by friction* as soon as it 'fa produced* 

Prof. Osbome Reynold showed the F to 

Biaiatain-a nvKorni relative motion* % between two surfaces n&eie a 

jjuf 
lubricant 'is ptesent is given bf F = f > 



f being the coefficient of vlscosltf of the lubricant and i % the thlei 
Bess of die film and .% the atea of each of the contact snfaces. 
(Joierally, for h%h sp^is mA tow pleasures, irisoMis oils 

such as mobil oil, grease etc= 5 are used; ami for low speeds, oils 
of lower viscosity are used. It may be Interesting to note that 
alt also acts at a sort of lubricant in reducing friction, Tbt 
friction between two metallic surfaces in vacuum fa {bund to be 
greatet than that In air. 



L 
Alia obtained in ikt capillary Jim mtihod 




266 VISCOSITY GRA9. 

0f tiu I = 36*3 m* ; 

. t/llf. Jew, a =* $ft mm. ; 

af ft* 00zv {&* tube, h ** 40 cm* 

and r&t* of foot of water > v = 0-5738 c<& [ sec. 

mhfg^ it X '40 X 1 'X 980 X (0-064)* 

: * f ~ 80! ** 8 X 0-5738 X 36-3 

= 0-0124 c. g. s. emits* 

2. fa fmf sqnan mlmty of oxygm gmn that fti 

is 143 gm. I lite ct JV. Tl P. also its molecular free 

ft* tf tlm of mdecales pw c.c. 

X JfO 1 * * JV- T* P. ttf Ik . 23 X l^~ s 



Mean path 9 X = 



3 X 76 x' 13-6 X 980) / 040143 

441 X I0 4 cm/sec. 
I 



X 2-S* X 10 X2-79X 

2-16 X I^~" 5 cm. 
Coefficient of -viscosity = i 



- | X 143 X 1(T S X 4-61 X 10* X 2*162 X Iff"* 
4*751 X lflT4-c.-f.'ii* -units. ' . . , ' 

. >. . . . . Bawretees , .. 

1. Describe an experiment, to determine the coefficient rf 

ily of a liquid by Pofeeuile 9 s method. ^ 

^Derive the fofmala you we. ;: " ; . . . ; 

2* Reiae e a>efficieat,. of viscosity, * ..' . 

What are its dimensioiis ? :l 

Describe, , with relevant theory, how the , coefficients . of 
of- liquids are compared, 

3, Explain' what you understand by viscosity. 

Descrfto with necessary theory holt the viscosity of a' highly 

liquid Is 



4. Write notes on: 

(a) StreamliB.e flow flow, 

(b) Lubrication. 

(c) Critical velocity, 

5. Calculate the of of 

following data:' 

p = 0-089 gm. / litre ; 7 1-84 X !0 5 cm. / sec. ; 

\ = 147 X 1CT cm. [Aw. 08 X MT* c. g. s. ] 

6. A capillary tube Is to a to its 

bottom. It Is. first filled of sp. gi 1 

coefficient of viscosity 0*01 -with a liquid- of spw.gf* -0-8 

and coefficient of 0*02 the of Sow. 

1 



7. A cylindrical . . hdd vettkalf if irfih a 
capillary glagg tube of 40 cm* and diat&eter . 0-6 mm. at a 
depth of 50 cm* below Its If the vessel Is completely fitted 
with water, find the fate of iow of the liquid, If the coefficient of 
viscosity of water is 0.0125 c,g. s.- units. [ Ai*. 0*03116 c, c, per sec. ] 

8. Calculate -the free path of ait given that: its density 
is I25 gm* I litre at N*.T, P. .its mcfficioat of viscosity Is 
1-7' X 10"* ci g- i. - [-Aw. 0*28 X 10" on. ] 

. Obteia an for the rate erf flow of a vfaeoits liquid 

thfotigh a capiUatf tube, . an csxperimeiit to .the 

'coefficient of vlsccfiitf of two liquid** |A U.Sbft., 196t'-\ 

, 10. Wbut ,4n you -by (a) sttetpi-Iijie flow, (b) fugitive 

elasticity and (c) Reynold's number, Deduce Poiteullle f $ equation 
fot the flow of a liquid a narrow tobe [4, U* ^(pffl 1962 \ 

11. Describe PoiscniEe*s formula for the quantity fa viscous 
liquid flowing thitmgh a capillary ...... the corrections 

that ate to be applied to . the formula. Describe an experiment 
fot the detetmiiiation of visoMty of a liquid use of the above 

fbwiiiila. '.- .' - '-. : -. ' ' f A*U. April 1963.] 

12* Describe with theovy an for comparing 

the viscosities of a liquid at two different temperatures, Discuss 



Ac iraiiation of viscosity of a liquid with temperamte and preisiire. 
Wrfte a note on lubrication. (A. U. &$#., 1X3) 

13. Define coefficient of Ylscorftf and find its dimensions, 
Derive Pobeuflle's equation for the rate of flow of a vfacotn 
liquid throi2gh a horkontai capillary tube. Describe an experiment 

to compare the coefficient of viscosity of two given liquids* 



How will you . determine the . coefficient of viscosity of 

water? Derive. 'the formula yon use. (A. U* April 1965) 

15. Obtain P&toenllle*s formula fot the quantity of a viscous 
iqttld flowing through a capillary tube in a given time. How is 
the formula 'employed to compare the coefficients of viscosity of two 
Mqiridi ? (A. U. April 1965) 

16. What do you understand by the dimensions of a physical 
quantity? Define the coefficient of viscosity of a fluid and' !i e 
your definition to find the dimensions of the coefficient, 

Water flows first through a horizontal tube ef 1-2 mm. bore 
diameter and then through a horizontal tube of i mm. bore diameter 
joined to the end of the first.. If each tube is 10 cm. long and 
the tctal pressure drop across ^ the two tubes Is 8 cm. of water, 
what Is the pressure dtop across the wider tube ? {A. U '$#&> 9B5% 

[Ans. 2*603 cm, of watar, ] 



IT. E^ori>e wMi ttmry , Stokes method of determining 

viscosity of a Mghly viscous finid. 

Write a note a* lubricants, { M. U. Sift., 1963) 

IS. Deduce an expression lot the volume of a viscous fluid 
Sowing thiotigh a capillary tube in unit time. 

What method would you employ to find the viscosity of a 
highly TOCOIM fluid? {if. U. April 19&t) 

19* Write notes on : 

(a) Liquid flow and critical velocity. ( M* U. Sept.) 1964 ) 

(b) Stokers forank. (M.- IT. April 1565) 
Turtmkiit motion* {A U. 0^, Iflfi7) 




26. How can the of a be 

mined ? Deduce the fbimula employed. Write a OQ 

fjf. a, 

21. Define * coefficient of viscosity. f with the 
theory a suitable method of the of water. 

(A. U 

22. Deduce an expression foi the volume of a fluid 

flowing through a capillary tube* 

Describe a method of lading the of a 

liquid. ( 4. 7. April imi ) 

23. Define the coefficient of viscosity. Describe a method of 
comparing (i) viscosities of two liquids and (ii) the radii of two 
capillary tabes. Write, a note on s viscosity and lubrication. * 

(A u. oa. 9 imi 

24. Define the coefficient of viscosity and deduce its dlmensionf- 

. Derive Fcweuttlc^s equaticMi for the rale c flow of a vteoo 

liquid throiigb. a capillary tuhc* 

Describe an experiment to compare the coefficient of viscosity 
of two Bcpids. ( A. U. Mpm 1968-} 

25* . Wite a note on Wbricatic. . . .. ( A. U. Orf., 



CHAPTBR XI 

A* THRUST 

198. Hf dr deals with the of forces' acting Inside 

a fluid when it Is at rest* The starting point for the study 1* the 

definition of the fluid A u &, if matter in n state 

m it is of resisting. a shearing stress* 



Forces applied par aid to the of a bodf are called 

fanes and those applied perpendicular or normal to the 

surface 1 are called' 



Tangential forces tend to. alter Use shape of the bodf by causing 
a 'relative displacpnent of the layers in it. . If they act on a fluid, the 

fluid 'will be . caused to flow however small the 




^~^ == -~^JiJii% fanfm,** w to be inferred that no tangential forces 

."'' *"*~"~~ * or ^b^ on it -end "that it is w eftMbrwm under 

Fig. 128 



plane that divides a MqaM at test into two portions A and B, the force 

j exerted by A on Band the force /i exerted 'bf B on A are each 

nomal to CD. Stoce the Iquid Is in equilibrium^ it also follow 

that the two normal forces are equal' and opposite, constituting a 

stress across CD* 




Tfanut mud .pressure ' . 

A Manual stress .actiaag ..on a bodf may tend to compress It.ot 

it, It is called a tkntst when it tends to com,prea the . bodf 

a lojim.whaa it tends to mcrease the v<iume of the bodf, 

The tfcrart per unit aita of the surface la. called pressure If a 

. ' ' . . . ' ' . p. '. . 
W as area A, then the pressure P =- , : whe the 

.' . .. ' " ' ' ' ' " ' ' '' '' 

is ^iotmly disfeibuted ovet the area. 



If the thrust is not uniformly tbe the 

pressure P at a point Is given by the of the J /, 

acting on a small area, 8 a, when & a is 



if/ 



.*. The pressure at a point, P = 

Lim. 

O .33 ^0 



291. Propdrfdoa 1 : Prtum at a print & f 

fa Ife MUM in all directions. 



Consider a small triangular prism ABCC f B f A f in the interior of 
a fluid with sides AB and A'B' vertical and, BO and B'G r horizontal 
cffeat /ABC- / A'B'C' -90* (Fig. 129). 

Let the prism, be'jo small 

that the different parts of it 
maf be supposed to be at the A 
same depth below the surface 
of die liquid and the pressures 
on the faces ate tt&ifofm. 




Let 
ptessores 
Let AB 

AA' 



and P s be 

spectively on t3be 

c y BG ,= fl" and AC 

* CC f =* land /BAG 



AA f B% BB'C'G and AA f C f G. 



/B'A'G 



Hie lUfferenl forces acting on the prism are : 

(1) Ae thrust on the face AA f B f B P 1 x c X I 

(2) tf^s thrust on the free BB'G'G P a X <i X I 

(3) ' Ibe- thrart on the face AA'G'G P s X I X 1 

(4) the imght .of the fluid In .the p^n = | 
(P bdng" the density of Hie fluid). . . 

and (5) the horizontal thrusts on the end 'faces AK3 and 

Now Aese two thrums in (5) are acting in ditectiotts whidi 
ate perpefHcula* to thcwe along whldi the thrusts In (1) o (4) 
are meft^* Hence they arc in equilibrium between fhemgdvei ^nd 
do iH>t a>me into consideration whep the equilibrftsin of tjiose {4 

t&'(4i P dbctlfsei 
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CHAP, 



Now the parallel to BC S 

cos f 



ot sacc = cos 

Resolving perpendicular to BC, 
P s . a- 1 * P 8 . * sin a* / + I <* I tg. 

Since the Is very small and reduces to a point in the 

limit, the weight of the field in the prism becomes zero In the limit, 

Hence P 2 * I = P s i sin a, I 

0r P 2 - Pa ... (2) 

From (I) and (2)..P a P 2 = P m . 

Now, since the prism can be taken in- any direction in tie 
Hqaid and can ha^e any value, P 8 can be made to have any 
direction we please, so that it may be stated thus : Tib pmtiwe 
nf n ^tfe & a jirfrf ai r^i fa fft0 ^flitf ^ ng iimtiow. 

2HL Pkopoiitioa- II : IS^? ^msmv fe a ltfjW nl ml fo lit 
MM^ nl .&ll pmt$ nl a kwrizmfad plme. 

Let M and N be two points In a horizontal .plane inside a 
homogeneous fluid at rest. 

Join MN and construct a thin cylinder with MN as axis 

having a sectional V, which Is very small. 

Let Pj and P a be the pressures at M and N 



~ZtrEi-rZ^^ The forces acting on, the 

3=1^ ----.- -t^m cyliiadar of fluid are : 



tkjl . jT " _ .. 

jr"*13zL."~ ~""~ -j-.^^^.. .. --. ~ B..|>^ __ 

^,r;.jr^^^j^rrr^rrrrrrrr^ pj j^ ^^gfji acting Vertically 

Kg. 130 downwards, 

(2) the thiusts on the curved sut fece of tiie cylinder which 
aie p^poadicular to the surface at orery p^inl and are 
normal to the axis 



(3) tie thtusts, P 1 . n, and P 2 - , mctiig hc^3ntally on the 
end faces at M and N 



Since the cylinder of fluid is In equilibrium^ the forces acting 
on it in the horizontal cfeectfosr smt : tiEBf^^ be in equilibrium, 






Since the good for ! a 

plane, it for all the in 

Hence the of mtf 0inf a fe a* jfau? 
*f wi I? ffe 



2t3 Proposition III : . n/ &0* 

a jbirf ** r a* as 1 p . 

Consider two points M N on a % 

homogeneous fluid. 

; Imagine that a thin cylndet of area of *** Is 

constructed .jnoond MN Itself as axis. 

Let I be Ac erf the cw Inder, 

** * 

the pr^raro on the CMC 

the upwaid" pvenrare on the iaoe-N 

and f the c the liquid. 

The fluid cflinder Is In equffitkiiiiin 

the action of the Following fcxcces : 

(I) Ae of the Squid which 'aeto down- 

{ a 



(2) tie dowawaid on tfae face M' ( P 2 .}''' Fig. 151 

i3) the upwafd on the bee ft f - P . l ai^ ' 

^ ^jg ^*^ Jf WVWAJ^lMW 

(4) Ae tiomts on the craved nnrfece of the cyKnder which 
are normal to the vertical sofa MN and ate therefore horizon^ 
Re)lviDg vertically, Pj a + hfg a = P a a. 



ence <* difference of praam betaken tax points in a UoU at 
rtft caries at ike vertical height between them. 

263. (m) The two points M and N need not be in the sam* 
vertical line. The diffidence In pressure between them i> still 
proportional to the difference in their vertical heights, M and N 
being points jmt below the meniscus in the two limbs as in Kg. 133. 

Let AB "and CD be horizontal and AM, BC and DN vertical. 

Pressure at A > Pressure at M + (AM) f g 

Pressore at B Pressqre atG 



... 



HYDROSTATICS 



CHAP, 



at C * . 



= at N + { DN ) P 



From (ij f (2) and 
at M + 



at N 



{3} 



p g *. at N + (BG + DN) f : g 



jH **: W 




at M -f '(AM - BC - DN) P 

at M + 1 p jr a 

if M r-.nd N are at . the same level In 

the but are not and the line 

MN not He In the fluid,, the same 

can be to them "since 



.. at M = pressure at.N, 

It the point' M is in 'the 

the , at N, taken at a depth 

ft -the surface, is. equal to. h f g. 

, IV : The surface &f ,a 

Fig, 132 . liquid at rest is 

..Let MN be the of a exposed -to a uniform 

ptewore so 

the presswie at, M = the at N; _ (I) 

,.;/ If MN fa not 'horizontal, let be drawn horizontal through 

M m that N' is a point vertically below N. , , u: 

Since M N 1 ate, " by construction* In 

^N 1 the 'same horizontal plane, 
the pressure ,'at M = 

4 , | 

the presiure at N f . (2) 




(1) and (2) 

the pressure at N = th 
ot tiie'pfessiite'at N' ' tie at W 

If A be 1 the N ; anl N% ' 

the pressure i %t.N r ; ; the pressure at N as 



P and g art not equal to ^eto) f 



it 






Hence the 
of, N N 1 , 

Hence tkt / * 






N Jf 1 be 



tf two of 



Let A and B be two of P x and f a 

1 less 






r j l . .. 



! > Let M N lie in a 

horizontal place the 

of density P 3 

.*. The pressure at M = 

the at N. 

Draw vertical Hue LN 

M and N to the 

of the in K L, Fig, 134 

; . ' 

Let the two lines meet the surface of separation between 
two liquids at K x and L x . 

Now, pressure at M = KKj - Pj g + K^M P a g 

= [KK a - Pj + (KM - 
.. - [KK, (P x - 
Premire at N. = LL X P a g + j a 

(LN 






' the at 

KM- 



Bat the at 

A KK a (P 1 -P 2 ) 

'" : Since M 
sutfacc of the al r,-si is 

A KK! 1 "^ - P a ) 5 ^ LL X (P x 
or 



KM 



LN. 



the 






Heace K x L a arc at tha the surface 

of the upper liquid or the of th* is nls& to KL 

ml MM mi ihmfm 



iff) 

B, AND SPECIFIC GRAVITY 

K>. The *> a substance is defined as the pet unit 

volume of die stibitmiice* It if la gnu / c.c. la die O, G. S. 

system df unite and IB Ib. / c. ft. m the F* P. S of units. 

The of water is maximum, at 4*C and is equal to 1 gm./c*e. 

pi Ib. / Cpft. 

2i7. The specific gravity of a substance is defined as the 

of tiie mas of the substance to the of an equal volume of. 
ft.4*CL , , - . ./ 

Besce the specific gravity of a substance 

Ib GV * 

. Mam of the substance 




of an equal volume of water at 4*C 

of the substance* . 

4*CL ^ '. : 

Thus/' the specific gravity of a substance can also be defined as 

iealltf of the sufottaiice to of wa^ at 4fG, : '' 

Specific gravity of a substance is expressed as 'a'- mere number 

Ince it Is of two ..Mid li will have the value 

im the two of units, 

. The specific gtavhy of a substance in the G. G. S. system is 
equal to its density of water at 4C Is 1 gm/cc* ..Bit la the F. P. S. 
- the denailf of a substance ^ equal to 624 its specific 

mce the do^dtj .^f watet at 4C is equal to 62*4 !bt. 

' . 

pecific gravity 



ed&c gravifer . of. a 

Jb " lip''. . "* | . 

hmts of ^iffetent substances mid respective 



Ld %, i? 2 9 a ...be the iroluiBW and P lf P 2f f s **lhe specific 
gravities respectivelf of the different substances in the mixture, 

Mass of the fiist substance * ? 



' 

ft*** *** MMMi ** ** * * * * *** **'* *#** -* f 



Mass of the e j^pj -i- ^ 

Let p.- be die Gommoo. gravity. 

If the total -volume of the i 9 { = % 4- a + ) f 

mass of the mixture is also equal to 



f T- 

(b) G&eH masses and the of dljfarati 

2y m a , 8 ,...be the aad p lt p as p s ...., die spedic 



gravities of die different substances in the mixture. 

112 

Volume of the fin* substance = 



M - 

* *: .a;* **&*** 



.-. Volume of ^ - ' l ^ 2i + ...... * 

If i ( '!=* -&1 + 3 4- % 4- :,. ) % .the total mass of the 
p its common density, . 

then 'the voluine= . 

. ' 



TT 1 t 

Hence . -- - -1..+ ^ ...... 



/OTJ mg , m, \ 

1 A P P^ P ""* I 
L == N r i r a " / 



'' 
o* 



CL CENTRE OF 

Thrust n a plane surface immersed in a 

Whenever a plane surface i immersed In a liquid, a thrust is 
exerted on it* 



the is to the" surface of the 

at a *i* its the- pressure. -on<3 the iplaae 

jpirface .is and is to A pf f p being. -the. density of 
tbe liquid.) 

.'. e= I p g ft .. .. ^ / 

{ a the of the ). 

the fa . the pi emit 

on the to ani the total 'throst ca 
be -.obtained as 



f the surface :; wMch 

is at a A -the free AB of 'the liquid. ' 

exerted on the .= A. f a 4, ^ and. it- is per- 

to the IL ' ie., to the surface immersed im 

the liquid* : ......... ;: . . , 

Thrust on every element of area of the surface is also 

similarly perpendicular teg &c smface and thrusts ''oonadtate 

a of parallel foi ces* 

A I " """I* Hence the thrust, on the entire plane surface 

" 




If 'the 'surface is erf area-*? and if ,&e 'centre 
of of the smfaoe, G is at a leptl, 

H 1 below the of thjp Bquid 

jf* k. ds H 1 ^ 8 

A Tbe thrast ..... *ofi : the plane surface 
Fig. 155 . P. H a $. 

= at |he of gravity X" of the surface. 

Heaoe. Ife thrust m anj? plane surfaa immersed fa & 

KquU is to tiw of the pressure at tkp tmtre @f 

grmity f "tki arm 1 and tfo arm of the 

21i. Centre of pressure' 



The total on a immersed in a liquid 

^ibbflna in' 209 to be equal to pressure at the c. gJ f the 

smface X of the 



The of of the Is not in 

of gravity of the of the 

It acts Is the of 



of of e in fl 

M &* IS ft filf 

0n tfo surface 

The for obtaining the of of 

plane in a is 

Let a plane of 5 be in a. 

of density P* 

a small of cfr in it at a 1 below 

t)e liquid AB, cm ds = A p g ds 

Moment of the AB =* A* P. f , d$. h =* I 2 P 

; ,Siim of all the of the on A rrrrr 

such small . .. EE^^i 

This should also -be eqaal to the 

moment of the (;/"* P *) 

actfng on the plane surface* about AB* Let 
H be the depth of the of 

below AB, 

,* Moment of the resultant about AB 




* 




Fig. 136 



f A 2 . P . ds 



A H. JT h P 

efB ""- I 7*Pi&. /* 

where * is the area of the surface and H^. is Ac depth of the centre of 
gravity' of the area below the free surface. ' ' ; 

The depth of the centre, of pressure below Ac liquid surface can 
be obtained using this relation. If is that It doss not depend 

upon the destitf of the liquid but only upon the shape of the aiea. 

Bui JT Jk * ds =K a .s [K Ac radius of gyration of tie 



of atea s about Ae lioe AB where its lie piffece of 

.the. liquid). 



If f S & * H 1 * ^ where B^ If the distance of the eintre of 
gtevfty of the aim firom- AB, 



ji - 

* H 1 

This result k abo true if the plane -surface Is Inclined. 

211* Centre f pressure of a rectangular lamina, wltia oae 
side im. ike surface 

Let ABGD be a place rectangular lamina immersed wfticatty in 
a 



X * 



of deadly f with AB in the surface of the liquid. 

Let AB = CD = a and AC * BD *> 

A ' ' : . '-B' Consider a thin strip LM of width dh 

\f 

at a depth k below AB and parallel to if. 

At ea of the strip =" ^ <^* 

w ji Pressure at any point on the strip 



* ff af 
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A Thrust on the strip -P kf gedk. 

, Jt " : O 

Moment of the thrust about AB = 

" 



Considering the lamina Id be divided info a number of thin 
strip parallel to LM and thet cforc la AB, sum of the moment of the 
thrusts OB a!! the thin strips 



... 



(1) 



. 

Resultant of the 



all th strips / hpg* a dh. 



Let H be the depth of the centre of pressure below AB. Moment 
of the resultant thrust about AB 



Ecpmtfaig (1) and (2) 



f g. H / 

f" - 



4 
g f 



b 



OF H - 



/ 



2 



Owing to the symmctrf of al the strtp f the icsiitaat 
must act through the mid-point of all the and !fe 

therefore lies om the line al tf 



J* 



212. Centre ef la par tickler cases 

L Tri^^le with base la the liquid surface : 

' . ' i 

Centre of ptessore is on the iBcdian at a depth (I being 

height of ibe. median). 



2. Triangle base paralel to the surface and vettix in 

surface : 

Outre of pressure ies on the mediae at a depth | i (* beittg 
vertical height of the median), . . ; 

213, 



a plane surface ABCD be immersed* vertealy in a liquid 
its centre of gravity G at a .. below the surface of 

liquid XY. 

If s is the area of the surface, the thrust 
on the surface =* a. P. g..$. . . . . 

This .Aral acts Its centre of pres- . 

sure G, which i% say, at a depth b the , 

surface. If the lamina is now tether lowered, 
by a depth z the pressure at every point on the 
plane surface is increased.' by z 9 g and the 
consequent incriSaie in is z P g s. 

Hie Increase in bnt {t f g *} actt ttonigh 
the centre 0f gravity G 1 , since the. Increase is . 
the same for every element- of area of the nfece 

36 




A 
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A The total thrust on the plane fa equal to (u P g s + % f g 
t acts through, say C^ the new ceBtre of pressure. 



Now flit moments- of the thrust, acting at C' and G f (the 

corresponding pointe of C and .G in tht new position ) respectively 
about XY on the surface of the liquid are together equal to the 
of the total thrust acting at G ls about XY. " 



/? 

Moment about XY of the thrust acting at C' .. - 

* n P.f. .*. f* + *) .... (I) 

Moment about XY of the Increased thrust acting through 



If k is the depth of .flic new centre of pressure C 1 below: XY, 
the moment about XY of the resultant thrust acting through 

" ' (31 



Equating the moments of the thrusts 



a (b 



G f be the position of C in the lowered position of the plane 
, depth of Q^ depth of G f ' 1 



+ 

fa alwap negative, since b > a* 

Sjioe-G]^ is the point through which the resultant thn^t passes, 
b should -lie on'G'C' between G p and G 1 . Tk^ effect of Jmrtjw 
imimrmn m Jfe posi&m of the emtf$ *f pmwie is to shift if towards the 
centre of gravity. It may easily be seen that the centre of pressure 
coincides with the centie of gravity when the depth of Immersion 
fa infinite. ' . ' . '' ; .^ : ^ ' < 

(b) When the plane suiface is Immersed In a homogeneous 
liquid with its surface parallel to that of the liquid, the centre 

of ptesswe coincides - with the ' centfe of gravity. This continues 
to be so even when the plane surface is lowered further without 



XL 



L (a) Find tk* tknut on the md. of a tank of 100 cm. 

and &pth 60 cm.. Jitkl with water. Also JM the pasitim mk$fe if acts. 

(b) . If em md of At is at tiu mml Mi in 

ty fato at mch md of the top eigg, find the force on Wt 

Thrust Pressure at the centre of gravity X area 

X 1 X 60 X. 100 18 X 10* gm, wt. 

This is a case where the surface of the plane rectangle Is in tttc 
surface, 

.*, The depth of its centre of pressure below the surface 
=* | X depth = | x 60 = 40 cm. 

.*. The thrust acts at the centra of pressure which b at a depth 

of 40 cm below the surface. . : , 

The centre erf pressure is 40 cm. below the mrfoce aai 
therefore 20 cm. above the hinge. ' ' 

, Taking moments about ihe hinge 
F X 60 - 18 X 10* X > 

m F = 6 X 10* gin. wt. 

S. Force on each bolt * .8 X 10 4 gm- wt ? ' " 

.. ,, . 2* The dmsities of two liquids are as 3 : 5. The. lighter liquid mis 
m At Imrnw U a ipth of 3** A sgmri ...of sM$ 6* is 



into tke liquids mill m side in the free mrfm*. . Find the 'f 
thrusts m the mo portions* . 

Let the densities be 3? and 5P ; . : 

; ; Thrust OB the upper part = pressure at die e. g* of ; 
;: ; : .. . the uppe? pan X area . 



wt. ..* {1} 

i -.jt : .," ''"'.,. 

Thrust on the lower part = Pressure at the c. g* of 

the lower part X aea 
^(8X3P+| X5P)X6X3 

227-P gm. wt. '.. f (2) 

' - , ' ' , 4. T 

297 P 
Ratio of the thresh - ~ - 3^7 f . ;. 
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D, THRUST ON A CURVED SURFACE 

1 "lit .Consider a curved surface, held In a fluid. The tfatusts 
the- different dements, into which the surface may be imagined to be 

Hvided s act normal to the respective elements* Consequently the 
forces will be fn different, directions. 

Each one of these thrusts (whatever may be its direction) may be 
resolved is the vertical and horizontal directions.-- The vertical 

.components of the thrusts will all be parallel to one another awl 
their resultant is called lie vmwltmmt vertical t&ntst cm the 
curved surface. 

The horizontal components, however, will not be generally 
parallel to one 'another. They can be resolved into components 
along, tiw mutoallf ..perpendicular directions, say, O* and Oy 
respectively. Let X and Y represent the resultants of all, the compo- 
nents pbtaiped parallel -to Ox and Oj> respectively* The,, resultant 
of X and Y Is called the resultant, fcwiromtiii tlsrest. 

The resultant, of the resultant vertical . thxiisty and fbe" resultant 
horizontal thrust, gives the total tfcisst on the surface. 

215. 'Renitaat vortical tfirast 

Imagine a curved surface ABGD it* a kMnogeneous Iquld. 

1^1 a vertical line AA f be comWerrf 
be taken round the surface touching 
along the edge ABOD and cutting the sur- 
face of the liquid XY in A' B'C'D' . 

The vertical cf Under of Ac liquid lyfa^g 
on the curved surface ABGD is called the 

"su|it^oiaalseiit ifipiicL 

Fig. 139 The vertical forces acting on this super- 

incumbent liquid are 

(a) the weight pf $be superincumbent liquid over ABCD 

which acti vortic^lly downwards^ and 

V i 

(b) fee resolta&t verfic&l thrust on the cprved 

vertical^ mi 
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For equilibrium, the two forces be equal, 

act in the same vertical line. 



: Hence the resultant vertical thrust m tke ABCD 

liquid is equal to ike weight of ike m si znd If 

tkrmgh the cmtw of gravity of ike 



2tf.' Vertical tkrut a the carved ssrfs.ces ef a 



Let the liquid be contained in a with cawed surfaces 

as shown In Fig 140, Consider, roy part of the curbed surface ABCL 
1*1^ part Is subjected to a resultant upward tfatust which can lie 
obtained as follows: 



Imagine .the l%uW sut face to mfoove ABG, 

die same coogtructioa as. above^ a cylinder 

A 1 ' will be obtoliacd resting .on. the 
AK3, wbiidi bccosics .the 



liquid. 

r The ifsulfamt ?eftical thrust on ABC is equal 
to the weight of -the. superiacumboit Hquid 

AGBB'C'A r . 

Problem : Show that ike nsnltmt vertical tknut m 
&e sidis of a conical mssd filled with a liquM is. 
on its base. 




Fig. 
./& tknut 



Let a liquid of density f be contained in a conical vessel ABC 
height A and let r be the radias of the base. Consider that a 
cylinder BB'G'C is constructed on the base BC with the game heigh! 
as that of the conical vessel. 



The vertical threat on the curved surface 
= weight to the superincumbent liquid tliat 
would test on the sides. 



Bbf the thrust on the base = 

Hie vertical thrust on the curved surface 
the thrust on the 



> * 
* * 
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217. tfcnurt. 

Let ABC be curved in a homogeneous liquid, 

Let LM be vertical plane iaside the liquid. 'Imagine a 

horizontal line AA' to be round the surface 1 touching it along 

ABC, cutting the vertical place la A'B'C'. 

The forces acting in. the -horizontal -difectton on the liquid 
enclosed in ABCA'B'C' are 

(a) the resultant horizontal thrust on 
IS ABC 

and (b}the thrust on the plane area A* B f C* , 
acting thfough Its centre of premie. 

Fig. 142 ^ or equilibrium, the two fotces must 

be equal and opposite. Hence &e resultant Jml&rntol tkmst m my 
gimn surface in. contact with & flmid in my chosm dimtim tr eqwl b the 
flbmf on &* projection of tM suffice npm & zwl&ni plom perpeatBcufar io 

ike. dimtiom chosen. 

21i Emltamt thrnst : <m a body Immersed is m fiuld : 

Firiaicioie o ArcMsn^des 

A *UM**|M> ^' 

Gcddef a bodf Immersed In a liquid of density f. 

Imagine the body to be removed and the cavity, produced 

thereby be filled with the same liquid. This liquid is caled the 
displaced MqnM ; it is exposed to the same thrusts due to the 

liquid as the sold .body.' ; ' . -. : . ; /. '; 




\Vhen the same liquid Blls the cavity, it is the same liquid 
toat awl tberefive every portion of il is In equilibrium. 

Considering the equilibrium of the displaced liquid, the form acting 

on H ate . '.., , 

(1) its own weight acting vertically downwards through its 

centte of gravity. 

and {2} the resultant thrust due to the rest of the liquid on It. 

" i . 

These two forces must be thefdfore equal and opposite. Bepoe 
the resultant thrust actlag on the , displaced liquid is equal to the 
weight of the displaced' liquid and it acts vertically upward^ through 
the centte of gravity of the displaced liquid. 



Thus the multmt tkmst m an^ 

or mh&llf in any liqmd is equal to the of ike md 

it acts mfticallj upwards through the of of tim 

liquid. This fa the * Principle of 

Consequently, the weight of the Is 

whenever it is in a liquid and the apparent lois of weight h equal 
to the weight of the displaced liquid, i.e., equal to the of 

its own volume of the liquid. 

This discussion holds good in the of a gas abo and 

Archimedes* principle is- applied to all fluids, 

21. Corrections for bnoy mmcy 

. .. *c 

Ait is a fluid* ........ A body according to the principle of Archimedes* 

loses a portion of ' in weight when weighed in, air, Conieqiientlf 

the weight of a body in air is less than what it would be when 

weighed In vacuum* The coftection .. for the . weight of a bodf 

due to the fluid thrust of air on the bodf is called the 

correction* 

.. .. Let.f ''be. the density of. the body, /- 

r the disnrity of air 



and ^ the density of the set of standard weights used for 
. weighing is a balance. ,. -. 

Let W x be Ac true weight ' of the ixniy in 

, 

Volume of the body = 



f buoyancy cm it when' weighed I 
Weight rf an equal volume of aiv 



(W, \ 
Wi ~" Ti * r / 

Let a set of standard weights whose total weight ia vacuum 
is W a be found to balance the body in aft. 



Volume of the weights = -~ 



W 

Fofee of bofif ajicy on the weights _* *0v 

A Apparent weight of the set of weights in air 



Since the body and the weights balance one another In air, 



W, 

W l Q~* " "* ip" * 



I I "~"V -"JT" I 

' aipptoximately 



E. LAW OF TRANSMISSIBILITY OF 
FLUID PRESSURE 



Wkm- a, hmg& &/ pressure prme & m& ^fet im avid M nst 

ttis tramsmii&d tqmtty to all psrts of the ..JkM* mi the same change of 
$mm*e is brimgkt about at ewrp other point ...of the Jluid. ... * ' .. 

Thfa law can be well demonstoated. by taMi^^ a tnbber ball 

having a nombor. of liolcs. .If the ball is filled with ,itatof: and 
squeezed, wal^ is seen to comis oat of the hoks with equal force 

Mwtfatfaig ' tiie principle. ' '" .......... " 

. ' Pfceoff : .. Lei M .-and N be asf two^ '-pt&Bta in a homogeneous 

Squid- at resl- ' , ;'. . . ,;' ,,' ,-. : -. " . . . 

Gooaider-a diin cf Under erf liquid ' coastoui^ed ....... awmnd the line 

1C MM! N as .axis having, an area of cross-section o.' 

. Let P x and P 2 be the piessure, at M a ad N .respectivtlf *. The 

various forces acting on the cylinder are 

(1) P x Oy actbg' at 
(4) P a !> acting ar 

and (S) W, the weight of .the Bqtiid in. die cylinder which acts 
vertically downwatds fioin its centre of gravity. 



JB. 



For equilibrium, the of the In 

the -direction of MM should be zero* ' : 



being the angle the axis 

MN makes with the vertical}. 




Fig. 143 



Let an extra pressure p^ be 

applied at M and lei p% be the 

consequent increa.se of pressure 

at N. 

Again for equilibrium in the direction -of MN 

(Pi + i) a - (P s + J& 3 ) o - W cos o = _ : (2) 

From (1) and (2) Z Igo =* 0. or Pi ** p** 

Hence -an increase of pressure at mj point M is eq&allj 

to my other point Jf in the liquid. This Is JPaseml's law* The same 

law holds good in the case of gases also. 

220. 'Hydraulic* madl i&fdraalic 



HfdrauHcs is the enginceriBg science ia which the principles' of 
Hydrostatics and .Hydrodynamics (apedallf those connectoi with 
Water running through fipcs aud fchanndb) are applied* Machines 



which work on these principles are kaown as bydnvBc 
The Hydraulic Press (or frc^, the hydraulic lift and the 

hydraulic pump several -other hydraulic 

wed at present. Tky 

of ' 
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( r 



Press ) 



The hydraulic press consists of 
two cylndcrs, oce of having a 

much laiger diameter (2A) than the 

other one ( having a diameter 2a ) 
They are connected; at lower 




Fig 144 



ends by means of m tube* The cyladcw with 

and fitted with water-tight pistons P and Q, roptively. 
piston P fitted in the lar^-r cylinder is calkd &e yam 



The 



I /> 
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fitted In tb* cylinder is called the To use the 

machine in compressing materials such as cotton bales* an anvil 
(ot a cross-bar) Is fixed tiorizontally above the leaving some 

between the two for the material to be 

Action ef fli PreM 
:.. Let the plunge? Q, be lowered with a certain force /. 

f 

The. increase of pressure just below the plunger . 

a 

The increase of pressure i% in accordance with Pascal's law, 

communicated to eveiy point of the liquid in the larger cylinder by 
tbe flow of water under high pressure from the smaller cylinder to 
the larger. 

Increase at a point just below the 






and it acts upwards, 
a 

f : 

Hence the force upwards acting on P = x A. Thus the ram 

a . . ' 

f 
P is forced upwards with a force equal to X A. The cotton bale 

tf 

or any other material Introduced between the ram and the anvil, is 
pressed between the two with this force, 

It is. obvious that by reducing * and increasing A,, large* fotces 

f compression can be obtained. > : 

In practicc f the smaller cylinder and the Q, are replaced 

by a feed pump operated by a -steam engine. The pump sends- watev 

' under high pressure into the larger cylinder containing the mm P 

The principle of the hydraulic , press is applied in hydraulic lifts 
and cranes. . : . 

222. Hydraulic lift 

The simplest and the easiest for IB of the lift consists of a sliding 
ram workiog in a cylinder. The lift or cage is supported on the ram 
and Is tiierefore pushed up or lowered down aioog the ram, 

when the pressure is Incr or decreased. This type of the lift is 
called the direct-acting lift. The weight of' the ram with 

tie weight of the Sift and the load in; it is equal to the total force of 
Compression on the 
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UTf 



In the types, the lift is from a 

a Is connected to the hydraulic Hie ift 

the Is lowered. This has the 

of the and the lift any slip. 

ID practice, the are not 

connected to the They arc a 

multi-sheaved system of pulleys to the 

ratio of the lift* The lift is to 

run between of hard or round 

steel siding weights are provided to 

neatly balance the weight of the lift so that the 
canted by the. lift can be the maximum possible. 

223. Hy drmniic pmnp 

The pump of a cylinder A 

fitted with a pistoa B which moves to fro 

inside it by of a sliding rod G operated by 

a steam engine. The cylinder is provided with two valves E and F 

which ifae and fall vertically. When they are in raised positions, 

passages K and L are opened lot wmtef to mn through. " 

When the piston moves to- ft* 
wards right as In Fig. 146, fE^ A 
watdr' enters. A through the 
opening M, past the valve K, 
At the same time water on 
the left hand side of the 
piston is expelled under 

high through a 




passage 'G and than into the .delivery pipe H, 

When the piston moves towards the left, lite valve, E closes 
and the valve F providing a passage at L. Hie water fa forced 
trough the opening at F into the delivery pipe H. Part of the 
wafer forced into the space above F. now enters also to the light 
hand side of the cylindet which will be foteed through H when the 
pb*on moves towards flic right. 

Thus watet is forced into the delivery pipe the plitost 

moves towards the or the Mt* 
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The may also be as a jack to lift heavy weight!, 

The load to be is on the ram* When the water at h%b 

pleasure is Into lie cylinder, the ram is raised and load lifted. 

If arrangements the ram can be at any desired height. 

When the connected to the- cylinder, fa opened, watet 

from' ft* cylinder Is withdrawn, tiae ram slides down and the load 
n It descends. 

F. FLOATING BODIES 

223* We learn from Archimedes 9 principle that when a solid 
feody is lowered into a Isqiiid, its W is- opposed by the resultant 

upward thrust -of the liquid (or the force of buoyancy) acting cm 

the body, is equal to the of the displaced liquid. Left 

to the body may sink in the liquid or remain in equilibrium 

in th,c liquid or rise to the surface and float on the liquid according 
,f* the density of the body is greater than, equal to or less than fee 
density of the liquid. "'" 

when the density of the liquid is mote than that of the 
body, the body floats on the surface of 'the liquid. The forces Aat 

act on the floating body in the vertical direction are : 

(1) its own, weight W which acts vertically downwards through 

Its centoe of gravity, and. 

(2) the force. of buoyancy which acts vertically upwards through 

the centre. of gravity of the displaced 'liquid, ie., through the centre 
of buoyancy. Hence the coditiis of e^prfli|jnm for a floating 

body may be stated thus : . ^ . . . 

(!) the weight of the body : :a&d the* weight of . tie' 

should be equal ; and ' 




(2) the centre of gravity of the body and the centre of buoyancy 
of the displaced liquid should lie in the same vertical line. 

226. 
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A hydrometer is an instrument that measures the specific grayity 
of liquids, when it is floated on the latter, There are two types of 
tyrirometei? whfch are commonly used. ; . 



(1) the variable 
$ and 



the 



(2) the constant Immersion 
hydrometer. 

221, The common 



It consists of a long uniform .-glass tube AB provided "with a 
sufficiently large bulb C at Its lower end B. The is 

with a sufficient amount of lead shot 01 mercury to it 

vertically in differmt liquids* The long stem AB is so 

the specific gravity of a liquid on which it Is floated, can b$ read 
off directly. Hydrometers having different ranges are provided 'fear 
use with different liquids. 

The weight of the hydrometer is so adjusted that It floats 
vertically in all the liquids, the specific gravities of which fall 
within, its range. The weight'; of the hydrometer 

remains constant and consequently It displaces' equal 
weights of different liquids when floated on them. 

Let V be the total volume of the hydrometer. 

a the area of cross-section of the stem AB^; 

the length of the, stein .exposed when 'floated oa : 
water. 



the length of the stem exposed 

on a liquid of density P 1 , 



8 



&m 




a liquid of density 
and so on. 



Thea the. volumes of different liquids displaced are 

t\? 1 ~\ t\T t *\ * f\T 1 -1 . 

(v *!*} .; (V igtf j ; (V * 8 u) ; ... 

.V The weights of different Mquids^disfiaced are . 'Pig. 141 

(V.^v) x i ; (V - V). Pil cv - 1&) p. 

and tfeey ate equal to one anotiiei. ' : 

(v-^a) - (v- v) PI = (y-/,) p r 



* 
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It follows that V 



Pi- 1 
V-l.a 

V - /a 



3 = 



V-l & a ' 



Thus V, 1 1 Ij the of the correspond- 

ing liquids, the may. be 

The graduations on the get when the densities of 

the liquids as can be seen below." 

Let V = /*. is equivalent to a long 

cfliniet of length I of cross-section a* Now let the stem 

AB be prolonged. down to D (replacing the bulb) so that AD ="I 
tig. 148), 

If L and M arc the on the hydrometer up to which It 

ioats In water and in a .liquid of f 9 . 

.DL X I =* DM X f 



01 

DM 



. 

Hence -the distance of M from D is inversely 
the deasifty of the liquid. 

If it floats to marks N, O, P 9 .... 
in liquids of 'densities f 15 P 2 



and DM - DN = DL . 



DN - DO DL 



L _1 V 
P ~ PI /' 

J_ J_ ) 



DO - DP - DL . 



a*e * * '*** * o. ** *** -.* *** 

If ( DM - DN ) = ( DN-DO ) - 



P P! / ~ V ?! Pa / ~ V P a P, ' ~ "" 



, 
Thus if the paten M, N, O, P ..... 00 the 

that their distances from D are In 
densities P, P 1 P 2 , P s , ,... of the corresp 

harmonic progression, 



marked so 



a liquids .are in 

o 



228. Mciioisoa's 

It consists of a hollow cylindrical I 

"S a_ jfcL 35||L J2*iL^ i **^ ^"^ 

provided with tapering ends. It is to , 

pan P at the top by means of a long narrow stetf* ^ , 

loaded bucket B at the lower end. A * 

on the stem to indicate the constant to 

: 
have to be sunk In different The 

is sunk in any liquid to the M by addlog s 

weights on the pan P until it to the ^ 





Let W 



be the weight of the hydrometefV 

' 
the additional weight oo 

the mark M In water* and 



. 
to lowet 



W 



3 , the additional weight placed on 
to the same mark M whca 



pan 



1 



density P. 

Since it floats to the .same mark M on _ 
tbe volumes of water and liquid displaced a " 

volume of water or liquid displaced, 

(W + W x ) = V X 1, 

(w + w 2 ) v x P. 



uratet aad HquW, 
If V Is 



Dctennielng W f 
be determined. 



W 

x and 



*. 
the specific 



22. Doudty ef m witli 

The hfdroiacter requires a definite 

M in water. This weight the 

and the additional weights placed on the 
the hydfometei is a constant, tbe 
'placed,, on the pan Is also a 



to 



iaafit 

the hf drometor 
gfajcc ^ wdg j lt o 

wc |ghl required to be 






us to tue NIcti0Ison f s hydrometer as a 

to determine the of small bodies as follows. : 

Suppose Wj_ gm. arc required to be placed on the pan 

to It to the mark ia water. If on placing the given foodf 

on the W 2 gm. arc required to be put on the pan t o lower 

It again to the mark 



W 2 + the weight of the bedy. 



-. The of the - 



W 



a . 



x - W 8 ) - W,-W 2 . 
1 - W a ) 



If BOW the given body is transferred- to the bucket and the 
additional weight W s is similarly obtained,' the weight of the body 

In water (W x W 8 ). 

.V .- Loss of weight ia . . 

a* Wt. of an equal volume of water 
. (W, - W t ) - (W 

* j, jp * * 

HCBCC the specific gravity of the body , 

V ** * """"" ** 2 J 

Deten&ining W 1 , W s and W s the specific 'gravity of the body 

can be Determined. 

2SO. Metmeentre of m floatis^ body 

When a .-body floats on the surface of a liquid, it has been shown 

that the centre of., gravity of the body and the centre of b>y^iiey 
of the displaced liquid He ia the vet tical line. 

The section in which the plane, of the surface .of the liquid 

intersects the floating body is called the plane of Saatatioza. 

When the floating 'body moves 

on the surface of the liquid, the 
centre of buoyancy also gets d&- 
placed. The surface, traced out 
- by the centre of buoyancy as the 
.body move, diiplacing equal 
volumes of the liquid, is called the 
surface of Buoyancy. 




(a) 



Fig. 



(b) 



If a floating body be displaced slightly so that 'the volume of the 
it displaces icmaiia the ^sauae, the point . at .which 



vertical through the centre of buoyancy in Ac 

meets the median lime, ( Le., the line the of 

body and the original centre of 1 h 



Let AB be a body floating' on the of the liquid. 

Let 'G' be the centre of gravity of the body, 

centre of buoyancy of 'the * H x 

buoyancy of the displaced liquid in the .mew . 
wfilch the body .displaces an equal amount of the liquid. , 
V" If BOW the vertical line through H, meets the !me 
thtoogh G and H at M s M is the m^aceBtre. - The 
called the jaactoceiitric be^ht. a - 

231. 







above G or below G. 

' 



The floating body Is now subject 
.|D two forces : 
(1) Its own weight acting verti- 

tly ' downwards thfongh G ^and 
(2) the force of buoyancy (also 
to W acting vet ticaly up- 

**** ___ 

wards through H^ 
These two equal and 





(a) 



Fig- 




is then taliie. 

(b) Next, consider that the meta- 
centee lies below G as to Fig. 152-b. 
The weight of the body W acting 
vertically down through G and the 
forcfe of buoyancy W acting verti- 
cally up thfough H! constitute 

* * f ILJf^t M*,*M*'JI& 

* ^ -^ A wii* < m- J*- flw W a9m,flr w 

a coupfe, w JKOOT^I / 




HYDROSTATICS 



CHAP- 



to displaci At away from the position. The equlli 

bff um of the Is therefore 

Thus, & is is or in $qmlibrwm 

the M lies atom or G. 





232. Distance between flte centre of and met aeesitr 

f ;: ; Left AB and A'B* be the planes ^of of abodf-In the 

otigmal and In the. (sightly) positions. (Fig, I50-b). 

# 

The two planes of floatation meet along a Hue through O pet.. 

pewikufar to die plane of the Thfc Hoe petpendiaite .through 

O Is called the a^Is of iretatioaa. . . ; . s 

Lei AK a be the moment of inertia of' the plkne of floatation 

about the axis of rotation and die ndlume of the Iquid displaced. 

' It can be ihown math^ematlcallf that HM = 



233, Determlsation of the 



* ' -i " 
lielght : 



The toetacentrfc height f>f a sHp can be deterateed bf a slmpfe 

experiment known as inclining experiment. : The experiment .consists 

In . displacing a known weight thfourfi a 
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convenient distance , across die deck and 
o measuring the angle through whidh the 
plane of floatation of the ship is caiiied 
to deiect. 

Let a heavy mass m be moved from A 
C to B through a distance I across the deck 
,^^z; of the ship of mass Mi. 

mm>m.mmi* n'W <t J^ ^ 

-*** l ## 

The shifting of Ihe wdght (njf ) through 
EiESE a distance I across the deck is equivalent 
to applying a deflecting couple which 
tends to turn over the ship. 



But Ifo two forces W and W acting through G and Hj respeo 
con^iteto aothr couple which tends to restore the ship t$ 
to original position. Consequently, the sMp attains equilibrium in 
a position wherein the *wc> couples balance each other, 



Let the plane of floatation be turned through an angle 0. 

. .,,,.'" . . . VF 

Deflecting couple =* njg. I cos @ 

Restoring couple = M 1 j. GM da 
.*. mgJcos Mjg. GM sin 



oi GM =* > . . = T ^- (-when A is small ). 

v p ' 



* ( .: 

Thus knowing M and us and measuring using a plumb Mm 
the xnetaccntrfc height GM can be determined. , \, } , , 

It may be noted that tt* metacestric imgkt a citeam 

the load contained in the ship. The experiment therefore the height 

GM for the ship with thai particular load in it &t the time of ike experiment* 

234. Mefaceutre mf a Heating body wMi a splaeidcal 
bottom ' f 

Wben a body floats on the suiface of a liquid, the titrate 



on the. small eloasents ( Info' whMi' the sinfai^ of the bodf undct 
the 1 liquid 'maf be. supposed to .be 'divided ) ' are normal to the surface 
at every point. The lines of action of all the thuist therefor paw 
through G, the centre of cutvatiii of tbe spherical sutfece. Hie 
resultant of all tfiese thrusts, which ac^ vorticallf upwards through 
file centre of buoyancy therefore passes through G, In the disturbed 
or undisturbed positions of the float, . 

But in the equiEbrium position, before being disturbed, tto 
cen^e of gravity of the body G and the centre of buoyancy of the 
displace! liquid H lie In the same vortical Hue. The Inc <5H 

therefore pa^es through C. If the body is now slightly displaced, 
the resultant thrust acts vertically upwards through the mew cdttre 
of buoyancy H-,^ and a vertical line through Hj panes Arough G. 
Thus .the Hue through GH and the vertca! Hue 'tincn^h Hj meet 
m G. ' The centre of curvatuve-G Is theref<e tfae.;iacslaoen,tfe of ihe 
bodf wiih a spherical lx>ttom. 

G. ATMOSPHERIC PRESSURE AND BAROMETERS 

235. The envelope of air that surrounds the earth fa called 
tbe &tmsph$te and the pressure exerted by It at any point on the 
suiface of the earth, the atmospheric 
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A is. am instrument measures 

At The" ' barometer " constructed 

% an TcfericeBi In 1645. A barometer 
bt set up in the as follow : 



"A tube, t cm. in: "dli 



and '90 cm. in length. 



having is at one end. li is filled completely with 

dry cart t& su w nir bubble are left 

is then the thumb and into a 1 

trough, of -, On removing the the in the 

tabe is to fell and at a certain The vertical hdgbt 

of the mercury in the tube is to unaltered when Ihe 

tube is or or to the vertical (Fig. 151), 

The space above the mercury column In the tube is vacuum and 
It is as 'tie Twri^llian mcumm. 

s The height of the mercury coluniij above 

,-fc the surface of met cury In the trough gives 
. ' , . . . 

.! the atmospheric pressure In cm. of mercury 
as can .be seen below. 

The at a point B on the surface 

of mercuf f outside the tube the pressure 
at a point A inside the tube and in the same 
horizontal plane as B. But the pressure at 
B * the atmospheric pressure and the 
pressure at A * the pressure due to the 
J mercury column of 'height, ' : say, h cm. In 
the tube. 

V , t -I, 

Fig. 154 .*. Atmospheric pressure =* the pressure 

doe to the vertical column of '-mercury ia the barometer tube. 

/ ! Atmospheric prea&ure Is generally measured by the height of 
the mercury barometer in cm. instead of In absolute units. > ' 




Oft. Forties 



, Fortin's barometer ia a standard barometer used for measuring 
the atmospheric pressure. It consists of a cistern of mercury the 
lower part of which is made of leather. A screw S^ is provided 
below the bottom of the cistern by working which the level 01 




mercury in it can be raised or lowered. is an 

Ivory Index P* fixed to the top of the cistern* the 
Dinted end of which corresponds to the of 'the 

barometer scale and the surface of mercury In the cistern 
Is to be made to coincide with the pointed before 

readings are taken. : The glass tube mercury 

column is surrounded by a brass tube having a vertical 
dot. at the top, through which the-: column of 
is visible* Scales one in cm, and the other la Inches (the 
zeros of which coincide with the pointed end P) are 
engraved on the two sides of the opening. A vernier bit 
V moves along the scales and it can be worked by means 
of 'another screw S t * A similar brass bit at the back 
with its lower edge at the same level as that of the vernier* 
moves with the vernier !n a similar slot behind the tube. 
This second bit at the 'back helps In taking readings 

> . , ' '"? "t .;' " 

without the error of parallax. Milk-white glass plates are 
provided behind 'the cistern and behind the openings at Fig, 155 

tffe top to t&sure better visibility during adjustments. < , 

To obtain the atmospheric pressure, the following adjustment* 
are made In order : 

(1) The mercury level In the cistern is raised or lowered bf 
working the screw S^ so as to make It just touch the pointed end of 
the pin P. This will be the case when the pointed aid of P just 
touches Its image in the mercury surface without producing & dtprtssion 
at thfc point of contact* 

(2) The vet nier is raised sufficiently by working the screw S a 
so that the meniscus of the mercury Is seen clearly. Keeping die eye 
In the Ene of the lower edges of the vernier and the brass bit behind, 

die lower edge of the vernier is made to coincide with the meniscus of 

mofcuty without any parallax. ( ;. \, . *\ , .,. ;ij ,. 

(3) The readings on iJte scales ate noted. Tfaef ^ve the 
atmospheric pressure at the time of the experiment IB cm. or Inches 
of mercury. The readings obtained from the barometer will Iiave 
to be corrected for the expansion of mercury and also for the expan- 
sion of the bt ass tube on which the scales ate etched. 



302 HYDROSTATICS GKAP, 

1 '' ';*? 

Let H be Hie observed height of mercury at the room temp. 1 C and 

H the corrected bright. 

If & and are the coefficients of the linear expansion of brass 

and the volume expansion of mercury respectively and the scale be 

correct at QG. : , it can be shown that 

H --H- { 1 -(-)< } 

The atmospheric pressure at a place varies from time to time 

and it is not a constant, ' . , . ^ > .!.* : 

237. Variation of atsn^splserlc pressure with height 

Since the pressure of the atmosphere at a point Is equal to the 
weight of a vertical column of air of unit cross-section standing above 
the point and since the height of this column decreases as the point 
is taken at a higher level, the pressure at a place decreases with 
its height above the earth. Thus the pressure of the atmosphere will 
be less on the top of a mountain and more at the bottom of a mine 
than at sea level. 

.* > ' ' ' - 

!*'.-," . 

The standard or normal atmospheric pressure is the 
pressure of the atmosphere when the height of the mercury 
barometer is 76 cm. at 0G at sea level in latitude 45 
(where g = 980-6 cm. /sec.*). 

The difference ia pressure at two points can be obtained in 
of their height above the earth as follows ; 



#m 

Let P and Q,be two-, points in the same vertical line at heights 
I and '(* + *) above the surface of the earth and let p t and 
(P + ty) be the respective pressures at the two points. 

4 C ' ' 

Join PQ, and imagine a thin cylinder constructed around the line 



If P Is the density of the air in the cylinder, weight of the air 
i&it ~ a-dh,p g (a being the area of cross-section of the cylinder ). 

Hie column of air fa tie Isylnder is subject to the following 
forces: ' --> ! -'" ' *'- '" ;':. 

-I ,....'.' . *i 

(1) downward thrust ['(p + dp) 'a ] on the upper surface of the 
cylinder, "' : ." ' i ' : 
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(2) upward thrust, (p. a. } on the lowet juiface of the 

and 

?* 

(3) the weight of the aif in the cylinder, (n-iH-Pf } 
which acts vertically downwards. 

For equilibrium: 

P " a = (P + dp ) fl + a * dh * P * g 

JST ^'*t " k ' C? ,'' w , v < ^ ; 'h ' ;ii ' . _. | 

( the 00 sign indicates that the pressure decreases as the height 
increases)* t 

.$^ *'But'i accorciii?to Bfle% law, the pressure varies as the density 
of the gas, when the temperature is the same 

Let P = k p ( where k is a constant ) 

'. dp k*p* g-dh 



of k*g*4h .... (1) 

P 

Integrating (1), log # Jfc g A + CL . 

,.', . ; . * ' f "". ' "* \ ' ' ' **r? 

Let the pressure on the surface of the earth be p % so that 
when A = 0, p = p . 
.: log, Po -0 + C 

or G = log, -p . t 

Hence log f .|> k*gh + log, ^ 

of 



a ,-M Of :.:. ft ""*** MM (2) 

f* 

( when the temperature Is the same throughout the atmosphere s 
UL f when the atmosphere fa in Isothermal equUibrfum}* 

. . ...** i 

;:. : i ' ' , c *f 

Since ^ oe f, thb densily of a!f P on the surface of the esrtli 
fa f dated to tifeie density of aif at any height A, by the rdation 



(a) Let^i^a,^.^.- b the pressiroi irf tie rfrmt 
i> *2 *- above the surface of the earth, 

Then log f 
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GHAf. 



log e 






kg. 



Similarly, log, f f- kg (h a 

* 2 



(3) 



** *** ** 



. . 

It follows therefore that. when ( h^ A 2 ) '( f A s ) 



** 



, . Thus as the altitude Increases in arithmetic progression, ike correspond- 
ing pressure at this* altitudes mrw in geometrical progression* ' . 

(b) For determining, the difference -.in height of tnvp places, 
relation (3) above can be used ; .. , , , 



2 



Bat ibr small difference v of bright only,, relation (3) can : be,einflofed 

wMi snffident accnracf* It should be noted however that this 
Delation hw been obtained on the supposition that the temper attire 

is constaiit* It is not the actual case fakwever. 



SnbitltBting for k = (p and P being the pressure and 

' '' 



conesponding density of air at a given temperattire) f 

JL 0-001 293 

P " 76 X 



and 



238. Aseroid ( Barnuf tear , , , ; , , ^ ~ 

fortin's barometer is neither portable noy convenient for taking 
tapld readings. When high iccnrapy is not required, an aneroid 




Fig. 156 
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barometer ( i.e., a bar ometer without any liquid' In ii ) Is Is 

measure the atmospheric pressure. 

It consists of a drum A s made of flexible metal and is almost 
exhausted of air. Its walls are cortugated so as 1 to Increase Its 
flexibility and it Is kept in position ( without collapsing on account 
of the atmospheric pleasure) by a strong spring S. Any change in 
the atmospheric pressure causes a slight movement erf the tippet fac* 
of the df um. This small movement of the face is magniicd bf a 
set of levers B and then communicated to a pointer P which mswes 
over a scale. The aneroid barometer is therefore a direct reading 
instrument and it will have to be checked and calibrated from time 
to time comparing its observations with the readings of a standard 
barometer. 

.WATER PUMPS 



239. Common pump 

The common pump has in use from ancient time to 

water 'from wells, 

It consists of a cylindrical tube AB, known as the 
barrel. The barrel is provided with an outlet, E, at 
the top and is connected at its bottom to a long 
vertical tube, CD, leading to the water in a welL 
An air-tight piston P works inside the barrel. 
Two valves V a and V s are provided at the bottom 
of the barrel and in the piston respectively. Both 
the valves open upwards and they do not allow 
air or water to flow downwards. 

When the piston is given an upward stroke* a 
partial vacuum is created in the barrel below the 

piston. The ait above the piston cannot enter thfa 

.. ' A * M ft % Ti % -iJt*. .... mill !.' iMtfW*M ' JW 
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l/JLBMJ'*** * ***"* """" , ; 

space as the valve V 2 will be closed by the excess of pressure above 
it The valve Vj is forced open by tbe air in the tube CD and 
the air fa CD expands into the band. It follows from Boyk's law 
that the pressure of air in CD decreases and consequently water 
rises into CD. 
39 
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If the pfeton is given a downward stroke, the air in the 

batrcl is compressed; the valve Vj. closes and the value V 3 opens. 
The air in the barrel escapes out V fl . A few strokes of 

fie up and down, the water up to C In the leading 

tube CD. 

An of the piston now brings water the barrel. 

A- downward stroke farces 'the same to go above the piston. 

The. next upwafd of the piston draws water Into the 

barrel and causes the ahreadf above the piston to out of 

the nosasle* 

" It may be noted that the 'atmospheric pressure, acting on the 

water in the well, fa forcing up the water through the leading tube 
CD into the barrel, as and when a low pressure is created in it. 
Hence it is essential the tube CD should not be longer tkan 

As MM of the barometer. 

Fure pump 
A force pump differs in construction from a pump: 

(1) the outlet tube EF is provided at the foot of the 
barrel ; (II) ' there is no valve in the piston. Instead, 
the valve V 2 is provided at the point where the oufltt 
tube joins the barrel and it opens Into the outlet. 

the first few strokes of the piston, water rises 
into the tube CD up to the foot of the ..as .... In a 

An upward stroke, thereafter, draws 

water into, the barrel while a downward stroke. forces 

the water up the outlet : tube EF, the val$e 

V 2 'A force pump lifts water to a height much 
greater than a. lift 'pump. 

'"^%* *58 _ t . , ' . ' / ^_ . . 

la also the.lmgih of me tmb CD $h0uld wth 

" ' QMP ' . %r '".'' 

y m Uf 1km the Might of the tidier b m 'ome&r,. Le., about 34 ft. 

The fotce and also thecomBaoiai deliver 

'water continuously. The fbtce 1 delvors water only during 

ibe downward sifokc and the . common pump it only 

the upward stroke. A 'Sre-engine, which is a -combination 
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of two force pumps, is used when, a of 

is requited, 

241. The 

The fire-engine consists of a double force 
pump which in such a way that, while 

the piston of one force pump ascends, the 
piston of the other one descends. Father, 
there Is aa air chamber A into which the 
water enteri from the two pumps. The air 
In the chambet is compressed by the water 
and consequently selves to force the water 
out thf ough the outlet -continuously.- 

242. Cent rifwgal pump 

.The centrifugal pump , consists of three 
parts : (a), the casing (b) the impeller and (c) the spindle. 

The casing is provided., with, an inlet I neat . its axis and 
outlet O at its periphery. The impeller is , a hollow revolving 
wheel provided with vanes and mounted oa the spindle, the axis 
of which passes through the axis of the casing. The Spindle 
convey s the necessary ' energy from an eleclric motor to Kin th$ 
impeller. ., 

The pump has no suction effect and 'It' therefore begins to 
function only when the casing is 'filled -"with water. When 
the casing is full and the impettte begins to rotate, the 
near the axis of rotation falls below that outside and the oatridt 
air forces water into the casing through 
the inlet provided near the axis. A non- 
return valve is sometimes provided in 
the inlet ftl IMt wftteb which once enters 
the casing is stored there itself. Or, t^e 
entire pump is drowned under watet so 
that water wilt be present near the 
inlet itself. 

Thp pump works on the principle 
of centrifugal force* When the impeller 
rotated, the water befweea tfie 
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is also rotated rapidly. Consequently, due to the centrifugal 
force developed Inside, water Is flung on the sides of the casing 
with a latge amount of kinetic energy. When it is thus flung, a 
large pressure is produced in the water which enables the water 

to be raised up the outlet tube. No valves ate 
used In the construction of the pump and it can 
therefore be "..even when the water is not perfectly 
dean. 

243* Compression pump wlnflator 

A compression pump Is used to increase the 

pressure of air in any container. A cycle pump 

and a football inflator are common examples of 
the compression pump. 

It consists of an air-tight piston P working 
Inside a barrel, AB. A small ' tube CD connects 
the pump to the receiver R, i.e., to the vessel 
in which the pressure of the air is to be increased. 

Two valves V 1 and V 2 are provided, one In the tube CD and 
the other In the piston | they open downwards. When the piston 
is drawn out fully, Le., given the upward stroke, the pressure of 
the atr in the barrel Is reduced ; the valve V^ is closed and the 
valve V 2 opened ; air from outside enters the barrel until its pressure 
becomes equal to the atmospheric pressure. 

When the piston Is lowered, i.e., given the downward stroke, 
ihe air In the barrel is compressed ; the valve V 2 will be closed 
and V x opened. The air from the barrel forces Its way into the 
receiver. Thus If v is the volume of the barrel and P the atmospheric 
pressure, It follows that for every downward stroke, air of volume ? 
it atmospheric pressure P is pumped Into the receiver. 

243 (a). Pressure after n strokes : Let V be the volume of 
the receiver and lei it contain air at the atmospheric pressure P t6 
start with. After n strokes the receiver would have reoe Ived Into It, 
air of volume ( n X ) at atmospheric pressure P. It would contain 
a certain quantity of air j&jch ..would;' occppf a'. ; yotp^be> (nsr-f- V) 
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at atmospheric pressure P. If f n b the pressure of aff In the 

after n strokes, it follows from Boyle's law that 



244. Exhaust pump or the Common Air pump 

Exhaust pump or air pump Is an instrument used fof mossing 
ait flora a vessel called receiver. 

A simple type of exhaust pump is shown in Fig. 162. Itb 
exactly similar to a compression pump in its construction but the 
valves V 1 and V 3> unlike the valves In a compression pump, open 
outwards. P Is an air-tight piston. The barrel, B, is connected to 
the receiver, R, by means of a leading tube; V a and V a aietie 
valves opening outwards, 

During the upward stroke of the piston, the pressure of the air 
In the barrel becomes less, the valve 
Vj is closed on account of the excess 
of pressure above it and the valve 
V 3 opens. Air from the feceivet 
enters the barrel 

During the downward stroke of 
the piston, the air in the barrel is 
compressed ; the valve Vj opens and Fig* 162 

the valve V $ closes* The air in the barrel ctcapes out Into tie 
atmosphere through V ir 

Thus the net result of working the piston through a complete 
stroke (up and down) is to remove a certain amount of air (equal 
in volume to the volume of the barrel ) from the receiver and tfepebf 
cause a lowering of pressure in it. 

244 (ft). Pressure after n strokes : Let V be the volume of 
the receiver and v the volume of the barrel. Let ? be the pressuns 
of ait In the receiver initially . 

i ' / 

At the beginning of the first upward stroke the volume of air in 
the receiver b V and its pressure* P. At the end of the first upward 
ftro)ce the volume pf fhe air becomes ( V + *) Cimseqiiendf, ff 




310 HYDROSTATICS CHAP. 

PI is is the pressure of the air IE the receiver now, it follows from 
Boyle's law that P ( V + } = PV or P x P y 

The downward stroke removes the air from the barrel but does 

not alter the pressure of the air In the receiver, 

. Hepce >the pressure of the air in the receiver after the first stroke 

V ' ' 

is given by P^ ~ P 



This fa the pressure In fhe receive! at the beginning of thp 
second stroke. 



. If the pressoxe.be Pg at 'the end of the second upward stroke 
It follows similarly,: that . 

P, (V + z>) = P x V 

OF P t .-P rf [V/(y + *)J P IV/(V + )! 

Hence the pressure of the air in the receiver after the second 
stroke is given by 



(since the downward stroke does not affect the pressure of the 
air in the receiver). 

Continuing this process it follows from Boyle's law that If 
P,, be the pressure of air after n strokes, 1f 



Though theoretically the pressure can be reduced to any 
value by increasing the number of strokes, It Is not possible actually 
lo reduce die pressure beyond a certain stage: When the pressure 
fa tew, die valves foil to work and there Is also leakage in the 

^^M w ", t * . *** 

valves. .-Ifcate Is usually some clearance space between the piston 
and Hie valve-end of the barrel 'Which also reduces the efficiency 
pf the pump. 



Filter pntitp : The filter pump consists of a glass tube 
AB ending In a nozzle at B. The tube AB opens into another tube 
CD which is provided with a wWe opening at G, AB aiid CD 
are fused Into a larger bulb tube E* The side lube T connects 
^ie bulb tube fo $ie yepeiver which is to be exhausted of ajr. 
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water from a water tap is made to 
flow down the tube AB, its velocity gradually 
increases and becomes maximum tie 

water out at the nozzle B* Consequently, 

the pressure .of the air at B falls and the air 
from the receiver is drawn into the space near 
the noizle. The water,, -as it flows down the 
tube CD, carries the air with it. . 

The pump when worked continuously can 
proudce pleasures of the order of 15 mm. of 
mercuiy. 
246. SpremgeP mercury pomp 

Sprengel devised a pump using mercury by means of whkb 
pressures of the order of 0-001 mm. of mercury 
were obtained. It may be Interesting to note 
that It was only after tMs pump had been 
Invented that progress In Modern Physics 
could take place. 

The pump consists of a gtess tube BGDE 
bent '.as. shown in Fig. 164, The tube is 

connected at B to a reservoir of mercury A by 
imeans of a stop-cock, S ! and the end E is dipped 
tato a cistern of mercury. A side tube F is also 
provided near D for connection to the receiver* 
Tl*e tube DE Is called the fall-tube and its 
height is greater than the mercuiy barometer* 

; Kfeveuvy H poui edsfetO'.tiie.feservioF A>aad the stop- cock S opeaei 
so th^t mercury flows down the tube DE. The flow is adjusted 
so that mercury breaks into drops in the form of pellets in BE 
as it falls through It drawing in air fiom the receiver between 

imp and drop. As ihe pellets move down the fall-tubfe, thqr 
down the .fdr enttapped between them and the air, ^> catrW, 

escapes out of the cistern in the mercuty. As this proce^ conliaiie% 
more and more of air from the receiver is removed and the mercf 
In the cistern begins to rise up the tube DE- When the exhaustion 
nearly complete, the height of the column In DE is almoit *e mm 
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as that of a mercury barometer and the pellets strike the column of 

mercuiy in BE with a metallic click, 

A large quantity of mercury is needed for the working of the 
pump. The mercury flowing into the cistern will have to be 
transferred to the reservoir A from time to time. The wot king of the 
pump Is very slow and therefore tedious. Nowadays more efficient 
pumps are used which can produce the same low pressure in a 
comparatively much smaller time. 

247. Tocpter's pump 

In the Toepler's pump, the fall-tube, the height of which is 
greater than that of the mercury barometer, is connected to an Inclined 

wide tube A which is connected on the lower 
side (1) to the receiver through a valve V 
and (2) to a reservoir of mercury through a 
long vertical glass tube BC and a flexible 
rubber tube T. BG should also be greater 
than the height of the mercury barometer. 
The lower end of the fall-tube dips into a 
astern of mercury. 

The pump is worked by lowering and raising 
the reservoir R alternately* On lowering the 
reservoir the mercury in the wide tube A flows 
down BG and the air in the receiver enters the tube A; The reservoir 
is now raised when the mercury rises Into A. It is prevented from 
entering the receiver by the valve V. When the reservoir is still 
further raised, the mercury in A rises still further driving the air 
in It down the fall-tube to escape finally through the mercury cistern. 

The process is repeated and during each cycle some air in the 
receiver is pumped out. 

The Toepler's pump produces a very high vacuum of the oide 
of the vapour pressure of mercury, but the working is slow and 
laborious, 

248. Gfettco'ft liyvac pump 

This is a rotary vacuum pump which produces a vacuum of the 
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order of 0-1 .mm. very rapidly, working clifec% from 
pressure. 

It consists of a cylindrical metal casing with a shaft S 

wfc *>*P 

through the centre of the casing and carrying an eccentric rotar H 
on it. The rotor Is so arranged that it alwaf s touches the periphery 
of the metal casiog at some point. A scraping vane V free to move 
up and down Is kept pressed againlt Hie rotor by means of a strong 
spring and it separates the casing into two compartments. The 
casing is provided with two ports O and E on either side of the vane. 
The port O is connected to the receiver to be evacuated and therefore 
serves as the inlet port. The second port E is the exhaust and it is 
provided with a valve opening outwards. This arrangement is usually 
immersed in oil contained In a cast iron case to prevent leakage of 
air into the casing. 

The different stages In the working of the pump can be followed 
as follows: 

(1) When the rotor Is in the position represented in Fig. 166 (a), 
aif from the receiver expands into the space between the rotor 
and the casing. 

(2) When the rotor turns Into the position represented in 1%. (b) f 
the air which entered the casing in (i) is compressed. Fresh 
air is drawn Into the space above the rotor. Obviously this insial- 
ment of air cannot mix with the air drawn Into the casing in (1). 

(3) When the rotor takes the position in (c), Ac first Instal- 
ment of air Is further compressed. More amount of air is now 
drawn into the space above the rotor. 

As the rotor approaches die last stage of a rotation, ifae all 
in it in the space near to the outlet gets compressed more and 
mote so that its pressure increases 
sufficiently to force itself out of 
E. The rotor then gets back 
to the position in (a) when almost 
all the air that entered into 

ttie casing in (1) is forced out 

ofK **.! 

The same process Is then repeated in every rotation 
the air in the receive* is evacuated* 
40 
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la practices two pufflps ate connected in scries. One of them 
which is connected to the receive* works directly from the atmos- 
ftarie pressure and produces a. low vacuum and the second pump 

them works to produce a higher vacuum,. 

248o (a) Molecular pumps 

Gaede and La&gmuir designed molecular pumps which produce 
a vacuum of the order, of I0~ mm. to 10"" 7 of mercury working 
from a force-vacuum of about 2 mm* of mercury in -the receiver, 
The molecular pumps consist of a rotor rotating inside, a stator, 
the clearance between the two being very small, about 0-03 mm, 
If the gaa contained in the space between the surface of the rotor 
and the stator Is reduced to the order of about a few. mm, -of 
mercury, the mean free path of the molecules of the gas or lapoui^ 
becomes larger than the clearance and the collisions between the 

..,, -' 'C* ,. ' . ' ' 4 

molecules themselves become fewer. The molecules of the gas whei| 
they strike the rotor, acquire a velocity and continue to move with 
that velocity as a drift velocity in the direction of t atation 0f 
the rotor. The drift velocity of the molecules has been shown by 
Kaudsen to be equivalent to, the velocity of the rotor and, ^o pmain 
unaffected by" the subsequent collisions between the molecules 



The different parts of a molecular pump are: (a) a rotof 

rotating about an axil inside a hermetically sealed stator , having a 
small 'clearance, 'in betweep the two (a) an inlet port and (c) an 
outlet port* A backing pump will have to be connected to the outlet 
pprt right from the beginning to produce the necessary fore-vacuum 
fot the successful working of the pump. 

In Gaede's type of molecular pump, : the rotot m provided 
wth a set ef gr0oves -which are connected in series. Into ^thc^e 
grooves enter projections .. from the stator leaving -. a ... very small 
space of ab<iut 0-03 miaou In Holweck*s type,, the 



groove is made In the statot and there ate no projections on the 
rotor. In this - arrangement, the clearance space can bo made 
less than G-03 > The molecular pumps can be used to evacuate 

vapours or permanent gasiis. But they., are subject to mechanical 
trouble on account.. of ..the small clearance between the rotor and 
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stator parts. The final pressure which can be 
upon the foic-vacuum pressure and the velocity of' 
the rotor. A pressure of ICT 6 mm., of mercury can-.be 
with a making 10,000 revolutions per minute 

backing pump can produce a fore-vacuum of 2 

249. Diffusion pumps 

Diffusion pumps work on the principle of inter-difiudou of oae 

gas into another, the rale of which Is decided -by the partial pressures 
of the two gases. This pump works only from a low vacuum of tie 
older of 10""" 1 mm* and it is therefore used in combination with 
a backing pump* The backing pump that is used generally ip 
Cenco's hf vac pump (described in Art. 248) and it produces In the 
Irst Instance the fore-vacuum required for the working of titedifihsioa 

pump. 

The simple and the most efficient of the diffusion pumps Is the 
one designed by H. Parameswaran of India inJ923 : aijd it is nowa- 
days as Waran*s pump. . . . 

Waran f s pump con- o | 

sists off conical vessel 
A, provided with a 
Bent glass tube BC 
which is fused into a 
wider coaxial tube 
BE. A side tube D 
connects CB to the 
receiver R. The tube 
BE branches off at 




Fi - 

the other end, one atni F being connected to the backing 
and the other arm G being put in communication to the 
bf &QQ* of another glass tube S* It may be not! thst *Sm lubes 
BE and H .awe Inclined as stown in Hg* 17 pu^>ffl^* Tie tube 
BE is surrounded by a condenser L In which ccid 



The receiver is connected at D and die backing 



at F. 



The mercury in the vessel A is heated to boHag so. that mepenty 
vapour is profindy given out at CL If now the backing pomp is srt 
to working a few seconds, the air already present in BE will be 

|j. 
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temoved and the pressure Inside becomes sufficiently less. Now, alt 
from the receiver diffuses Into mercury vapour issuing out at G and 

It Is carried forward with the vapour. But as the mixture advances 
towards the other end, the cold water circulating In L condenses the 
vapour back to liquid mercuf y which flows back to the conical vessel 
A, through the tube H. The air that has diffused Into the vapour 
at G is drawn out by the backing pump. 

Nowadays Apieaon 11 is being used Instead of mercurf because 
Its vapour pressure Is less than that of mercury. 

These pumps are most efficient in that they produce a high 
vacuum of the order of 10~~* mm. in a comparatively short time. 

However in industry, it Is not possible to use pumps made of 
glass as It is liable to break* Steel bottle pumps which work on the 
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Fig. 168 



same lines are therefore used. Mercury or 
Aplezon oil Is heated to boiling in the steel 
bottle A. Air from the receiver, connected 
at B, diffuses into the vapour at G and Is 
carried up the bottle. But the vapour is 
condensed into liquid by the cold watet 
circulating in the condenser L while the air 
Is removed out by the backing pump con- 
nected at D* 



H. PRESSURE GAUGES 



250. Manometers 

A manometer is an Instrument used to measure the pressure of a gas 
of a liquid. 

Opm U*tubs mawmeter ; It consists of a U-tube open at both 
ends, (tee of the limbs BG Is beet sideways so that it can be 
connected to a receiver, R. 

A liquid ( such as water or mercury) Is poured down the limb 
AB, so that the liquid rises to some convenient height in the two 
Hinbs. When both the limbs are open to the atmosphere, the liquid 
stands af the same level in die two limbs. 
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If the side-tube Is now connected to tie xecemr, 
of the liquid M in the limb BG falls or rises and- the level la AB rises 
oi falls according as the 
pressure in the receiver is 
greater or less than the 
atmospheric pressure H. 

If the difference between 
the vertical heights of M 
and N is A cm. and d the 
density of the liquid used 
in the manometer, the 
difference of pressure p is 
hdg dynes ; if this be ex- 
pressed in cm. ( A 1 ) of 




N 




Pressures higher than 

Atmospheric Pressure 

Fig. 169 (a) 



mercury, 

p - Aj X 13-6 X g. 

/. A! X 13-6 X g 

The pressure of the gas in the receiver, P 

- H A, = H M/13-6. 



Pressnr es lower tbam 

Atmospheric Pressure 

ttg. 169 (b) 



JW / 13*6, 



Lighter liquids ( like water or oil ) are to be used for measuring 
small differences of pressure and mercury for large differences 
of pressure* 

Closed U-tube manometer : A U-tube ABCD closed at on* 
end A and filled with mercury as in Fig. 170 it used to measure 
Ugh pressures. The end D is connected to the 
receiver, the pressure in which is required to be 
measured. 

To start with, the length of the air column L 
in AB is noted when D is open to the atmosphere. 
Noting the difference in levels between the two 
limbs and reading the mercury barometer, the 
pressure of the enclosed air P is determined. 

If the receiver is now connected to D, the 
level of jaaercury in &C falls an^ that fa AB the* 
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If I is the length of the air column in AB and p its pressure, then 
according to Boyle's law 

P X L ** p X / 
t = PXL 



or 



If I is the difference in levels of mercury , In the limbs CB and 
BA it is obvious that the pressure of the air in the receive! is equal 

+:'*)- 



251. McLeod Gauge 

The McLeod gauge consists of a calibrated capillary glass 
tube AB connected to a bulb G. The volume of the bulb depe&is 

upon the: . order of pressures to be measured with It. The bulb 
is connected, in its turn, to a side tube 'DEF and to a reservoir 
of ftereutf R bf' means of a rubber tube T. A second capillaif 
tut>e MM of same cross-section as AB is coBnected parallel to EF and 
is placed close to AB as in Fig. 171. This is to eliminate the 
capiEarftv effect which produces a depression in the level of 
mercurv. A scale fixed behind the tubes helps to measure the 
levels of mercury' in them. , 

i 

McLeod gauge is used when very low 
pressures are to be measured. The primipt* 
of the gauge consists in isolating a known volume 
V of the gas at the unknown pressure P and 
compressing it to a known volume v at a pressure 
p which can be measured* Then according tq 
Boyle's law, PV^ ftom which P is caU 
culated. 

To use the gauge, the end F Is connected 
to the receive? before the pump is started 
to exhaust the air from it. The reservoir 
R is lowered so that the mercury In the 
Fig. 171 apparatus runs down below D and the bulb 

G is in communication with EF and through it with the receiver. 
If the pump is now worked, the 'receiver is evacuated and the 
air from the gauge is also removed so that at any time the 




|f 

pressure of tbe air in the gauge is the same as Oat in the receiver. 
To obtain the pressure P of the air in the at any stage 

of exhaustion, the reseivoit R is raised slowly so thai mercury 
rises up and stands at D. Now the air in the tube and the bulb 
above D is trapped and if the reservoir Is further & 

rises up in the bulb compressing the trapped air. R Is 
still further so that mercwy enters the graduated tube AB. 
volume, v 9 of the compressed air in AB is then read off. 

As the reserved? R is raked, mercury also rises up the side- 

tube EF and MN also, The difference in the levels of erciiff 
in the tubes AB and MN Is noted. If k be this dlfferoace, ' and If 

p be the presume of the airln AB,| .== P + I, '' 
where . P is the pressure of air in the receiver { and also die 
of air In C and AB to start with). 



If the initial volume & air above D ( IB C and Al } 
equal to V, we have P X V =* pv 

or P X V. (P '.+ *): 
OF P(V - v) '- to 



from which P is calculated. 



McLeod gauge is unwieldy even though it is simple and also 
comparatively -cheap. The accuracy of the result depends upoa 
the extent up to which Boyle's law Is satisied. If these ate any 
traces of condensible vapours present ."inside 'C, they beonae a 
source of errof. It. is therefore necessary to eliminate aH traces 
of such vapours before using the gauge. In addition, the gauge 
cannot correctly register pressures less than Ac pressure of the 
mercury vapour at the room temperature* If proper 
are taken, it can be used to measure pressures correct to MF* 

" 



252. B0ujrda's gauge 

Bourdon's gauge consists of a circular tube of elliptical 

section closed at one end A and open at the' oifacf end C which b 
connected to the receiver* Whoa the ait at high piesaute enters 
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lube GA 9 throats produced internally tend to open out the tube 
and make the end A move away from G. This movement of 
p the end A is magnified by a system of kvers and 
finally communicated to a pointer P which moves 
over a scale. The scale is calibrated so that it reads 
pressures directly in Ibs. weight pet sq inch. 

Problems 

L Show that the depth of centre of pressure of a 
triangular lamina, when immersed vertically in a liquid 
of density f with its vertex on the surface of the 
liqmd and its base horizontal and not subjected to any 
external pressure, is equal to of the vertical height of 
its median* 

Let ABC be a triangular lamina kept with its vertex A in the 

surface of the liquid represented bf XY and its base BG ( a ) 
parallel to and at a depth b below the surface. 

Consider a thin strip LM of width dh and at a depth h from 
the surface of the liquid. v 

Area of the strip =* LM. dh. 

But from similar AS ABC and ALM, 



o 
Fig, 172 




B 



jaufffiiaiffiftiiiiewit 



LM 
BG 



h 
T 



o 



A 
b 
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Area of the strip 



ah_ 
b 



dh. 



Pressure at the centre of the strip =* A. f. g. 

:. Thrust on the strip . dh* h* f. g = 

o 

Moment of the thrust about XY 



....,- b b 

Considering the triangular lamina to be split up into a thin 
slices parallel to LM, the sum of the moments of the thrusts on 



all the strips 



. f A 8 dh 



... (1) 







* IB "K 

m* 



Let H be the depth of this centre of prepare below XY. 

' ' i 

Retipltan't thrust ,ail the strips SJUL:. | 

t- - ^ . . j 



Poment of fa resultant thrust afeoat 1XY 



~T~* 



Hence H. 



- ' The resultant thrust acting OB each of the strips passes through 
the mid-point of the strip. Since all the mid-points of the strips 
lie on the median AD ^f $he trfangle ABC, the centre erf prowpfe 
also lies on the median at a vertical depth | b below the surface, 
i.e., at a distance | AD from A. 

2* Show that the centre of pressure of a triangular strip AM! 
when Immersed vertically in a liquid of density f with to base BCmtin 

b 
surface and not subjected to any external pressure is t$ud to -y , 

vertical depth of A below the surface of the 



ounsiucr a .1,11141 auip JUAY* 


jtS"**" *""* ^- 4/ ----------*-- 


F-U 


parallel to tfie base at a 
depth h below the surface 


A \i- / Mx^ 


^ * 

4 

-Jr 


and of thickness dh e 






Pressure acting at the centre 
$f the strip h P g, 
Area of the strip LM 

_ LM *-A 

T__J. .. --... .. MM 


. . , A.. 

1 , 1 , 1 1 V ' 

Y3b>* 

Pig- JJT4 
*, 

Y.."\>i -ea - -"- * r\f*_ 





Y 



:. Area of the strip a ^ft (if BC * 



Henii 



on the strip 



b h 



,* *dk*k 



Moment of the thrust on the strip about BG 



Considering the triangle to be divided into thin strips parallel 
to BG, the resultant of the moments of the thrusts on all the 



strips 



f 



Resultant of thrusts acting on all the strips 

b 



a 



If His the centre of pfessure, -tip moment of the lesultanl 



, Equating (i) and (2) 

* * 






b A 
- 



of 



3 



... . . 

He rimiltant thi usts on each one of Ihe strips lie at the centre 
the strip aid therefore lies on the median. Hence the centre 
of pressure also lies on the median AD at a vertical deplh 

' . . . ..... ' . ' \ - .. . ' .-'; J 

from the surface of the liquid. 
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Bet the thrusts are equal. 



* + * 



Ps 



Of 
!.., 



*) 

. 
2# 2 OF x 



2. iSfcw *&fl* uniform cylinder of radius r and height h floats 
in $tobU egutiibrhm on the surface of a liquid of density b if 



i \ 

b* / 



2 ' ," \ b 
9, tiSng the density of the material of the body* 

Let ABCD be the cylinder floating on the surface of the liquid 
with a length # below the liquid, 

Weight of the floating body, W- .( r * h. a) 

and It acts down from its centre df gravity. 

Weight of the displaced liquid = *'r*x. ft 
and let it act from Its centre of buoyancy H. 

But the weight of the floating body =* weight 

if4he liquid displaced. 



.4-- 



H 



of x 



C D 

Fig. 176 




r fl 

Distance bfetwfeen the d* G of tMe cylindei 

and that of the liquid displaced, 



1 



2 



*f 1 



\ . i h / 
} ^ T * ( 



If Mj is the metacentre, then 

tjjllif ' " ' &ai ' *m** 

njnaT - * A "~* 

A V A x 



li 
4 



mm cquiHbriiim HMj > HG 

r* 4 - . 1 . ( - a) - ^ a>2 A2 / . _ 



S. 



2 i ;"" """ J^* ft2 

had of 10 tons is moved 45 fi. across the deck of a ship 

ft height 



(5 \ 
~W I 
v / 
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Total weight of hydrometer in water = 80 + 5-6 a 85*6 gm. 

Bui weight of the liquid displaced =* weight of the faf drometer 
together with weights added. 

A Xl=- 856. ... (1) 

Similarly when floated In the liquid, 

* X P - 80 + 12-8 - 92-8 gin. ... (2) 

Q9 ft 

.*. Fforn (1) and (2), P - - * 1-084. 

o5o 



J/ the dmnly of air at JV. T. P. fe 0-00729 gm. / ., calculate 
the ascent corresponding to a fall of the barometer from 30 to 27 inches; 
tie mean temperature being 25*C 

If P 1 and P 2 are the densities of ait at T^* A and T a A, 



Hete P! = 0-00129 gm, / c.c. at 273A 
at 298'A is required. 

p.T, 0-00129X273 

m*m* JL JL aai 

298 



From the f elation, 



- ** 920-2 metres. ..... : ;; : - ; '^ ; ' . " - ; ' ' ^ - '' 

g 

7. Assuming that a charge from 30 inches to 27 inches in the height 
&f a mercury barometer corresponds to an altitude of 2 J 00 ft. find the altitude 
corresponding to a height of 21-87 inches of the barometer. 

P x ** 30 inches ; P 2 27 Inches. 
h 2,700ft, 
From the i elation 



log e .&- - .^A, we gel 
Fa P 



2,700- -. (log. 30 - log, 27) ... (j) 

^Jj^ . ' A ,'... 'i 
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Let x be the height when the pressure is 21*8? 



From (1) and (2) 

Iog 10 30 ~ Iog 10 21-87 
*"" Iog 10 30 - Iog 10 27~" 
- 8,106 ft. 

Iserclse 

1. (a) Define 'thrust* and 'pressure 9 . 

(b) Show that the pressure at any point Inside a 
geneous liquid at rest Is the same in all directions. 

2. Show that the pressure at any point on a horizontal plan* 
inside a liquid at rest is the same. 

A tank 15' X 15 r X 6 1 is filled with water* Find the tiuust 
on a vertical side of the tank and also find wh^re It acts. 

[ Ans. 1-688 X 10* Ib. wt ; 4 ft.' from tie suifece. ] 

3. (a) Prove that the difference in pressures between two points 
in a heavy homogeneous liquid at rest is proportional to the vertical 
distance between them. 

1 . s 

(b) A square lamina of side a is immersed vertically with 
one side in the surface of a liquid of density, P which tests on another 
liquid of density ff. If the depth of the upper liquid is I (<n), find 
the thrust on the square. 

Show that the thrust on the portions in the two liquids b 
equal when b? (31 ~2fl) -<r(a-i 



4. (a) Define 'centre of pressure'. 

(b) Show that the depth of the centre of piessme fo a 

- ' '' , . Jt , - 

plane area immeised vertically in a homogeneous liquid b where 

* is the radius of gyration of the area about the Mne whore 
area meets when produced into the surface .. ad 4 is tfw dcqpii 

its centre of 



5* (a) A fa Just immersed la water', verti* 

calif with one of its in the surface* Find the position of 

Its centre of pressure. 

(b) Find the force on a rectangular end of a tank of width 
6 ft. and height 3 ft* when filled with water. Also find the centre 
of pressure on the end of the tank. 

If it were hinged at the bottom and kept In position by a 
bolt at the top edge, find the force on the bolt. 

[Ans. 1-688 x 10 s Ib. wt. ; 2 ft, from the top edge, 562-6 Ib* wt.] 

6. Find the resultant vertical thrust on the sides of a hemi- 
spherical bowl filed with a liquid and inverted over a horizontal 
table in terms of the thrust on the table. 

[ Ans* J the thtust on the table;] 

7* (a) 'Explain how a common hydrometer is graduated. 

(b) A common hydrometer floats to the zero on Its stem 
in water and to 100 ia a liquid of density 1-15, the graduations 
being at equal distances. Find the ''division on the stem when it 
floats in a liquid of density 1-2. [Am. 83-3] 

: "' 1 8. (a) Define- metacentre. ' : 1 

(b) "Explain the conditions' for' stable and unstable eqiilM- 
bfiumofa floating body. 

" s " 9.- (a^ Show 'that if a cylinder " of height A, radius r andl 

: fp!'gr. i^ floats in stable equilibrium in water i 2 > 2& 2 $ ( 1 $ ). 
. \. - '. ""%, . ' ' ' 

(b) If a common hydrometer floats to any two graduations, 

in liquids of sp. gravities s^ and s 2 to a tnaik midway between 

:-.' ' "' , - ' '' V " 

them in a liquid of sp* gi. s> 

' 



.. ^ . . . . . t 

10 Describe an expetiment to determine the metacentrlc 
height of a ship. ! 

A toad of 50 teas jwhep moved 30 ft, across the deck of i 

ship of mass 30,000 tons produces a tilt of | 8 Find the meta- 

centric height. [ Ans. 5.731 ft, ; 

11. Write notes on .: ' < 

' ' (a) 'hydtaidic lift , . :/. :(b) hfdraulic pump 

(c) aneroid barometer (d) centrifugal pump* ; 



12. A square plate of side 20 cm. is .towered ^0% Into 
water with one of Its edges in the surfa^ of 'iwrtw.'jind bw 
a El. line parallel to the surface of water is to be drawn so tmt 
the thrusts oa the two portions of 'the surface are equal 

{Am. 10 ^~cnu below the surface. J 

' 13. A plane triangular sheet of base a and altitude Y i 
Ipwered Into water so that its base is horizontal and Its wrtez 19 
in the surface. Draw a horizontal line to divide the surface into 
two portions so that the thrusts on them are equal. 

~ 



below the liquid raifitce.) 

14. On one side of a rectangular vertical gate there is ftedi 
water to a depth of 35 ft. and on the other side there is salt 'water. 
Find the depth of the salt water if the thrusts on the two rides are 
equal, (sp. gr. of salt water* 1*025) [Ams. 34-57 em. ] 

: 15. The water on one -Me of a lock-gate has if depth of n ft. 
and on tjae other side, a depth of b feet. Find where the 
thrust acts above the bottom of the water. 



16, A Nicholson's hydrometer requires 1-5 gin. to be placed 
on its pan when floated in a liquid of specific gravity 0*8 a4 

21*5 gm. when floated to the sam mart in a liquid of sp. gr* 1*2. 
Find the weight of the hydrometer. {Am. 38*5 gm] 

17. Show that the centre of pressure on a circular lamina 
kept vertically with its edge touching the surface of a liquid is 

: H '- 



17 (a) Calculate- the difference in heights between two stations 
if the atmospheric pressures at the places are 63<5 cm t and 75 cm. 
taking the necessary data -from the tables assuming th-a mean 

to bff 0C. [4^* 1,330 



(b) If a change from 30 to 27 inches in the barometric 
height cor responds to a rise of 2,290 ft,, find the altitude v/iilch 
corresponds to the barometric height of 24 ft. [ Am. 4,855 It J 

(c) If the height of the homogeneous atmosphere Is 
26,000 ft,, prove that the altitude above the see level of a place at 
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which the barometric height is 26^ when the reading at sea level is 
SO* is about 3,718 ft, the change in temperature being neglected. 

(d) Taking the density of air as 0.00129 gm per c,c. 
at N. T. 'P,, calculate the vertical height between two places where 

the barometric readings are 76 and 75 cm. of mercury assuming 
tto temperature of the atmosphere to be 15G* (Density of 
Haeicury =* 13*6 gm. per ex. } [ An$* 1 1 10 metres. ] 

18, Describe the construction and action of rotary hyvac 
pump and explain how McLeod gauge is used to measure low 
pramres. ( A* U. March 1961 ) 

19. Describe the conditions of stability of floating bodies. 

How is the metacentric height of a ship determined? What is 

he Importance of such a determination? ( A. U* Sept, 1961 ) 

(a) Explain how interdiffusion is utilised in production 
of high vacuum. (A. U. Sept., 1962) 

20. Define ( i ) centre of pressure ( ii ) buoyancy and 
(Hi) metaccBtfe. What are the different types of equilibrium of 
a floating body? Calculate the thrust over a rectangular lamina 
immersed vertically in a homogeneous liquid with its uppei edge 
at a depth k. (A.U.Sept, 1962) 

2L Explain * centre of buoyancy 9 and 'metacentre* in the 
case of a floating body. 

State the conditions of stability of a floating body. Describe 
In detail, the method of graduating the stem of a common hydrometer. 

(A.U.Sept, 1964J 

22. Discuss the forces acting on a floating body and explain 
why a wooden beam of rectangular section tends to float on wate* 
with its wider faces horizontal What bearing has this problem on 
the design of ships ? ( A. U. April 1965 ) 

23* Show how the pressure of the atmosphere varies with 
altitude. Calculate the altitude of a station where the atmospheric 
pressure is 72 cm. of mercury. (Density of mercury 136 gm./c-c- ; 
ioisity of air at standard pressure * 1-298 gm. per litre. ) 

^ [ Ans. 432-6 metres. ] ( A ? U. April 1965 ) 
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24. Give an outline of the design and At of 

action of a high vacuum pump. How are inch low 
measured ? : ( A. 11 Sept., 1965 ) 

. 25. Describe the formula for the thrust on a > 
immersed in a liquid. 



A cubical tank of side 4 ft. is placed on a horizontal 

filled completely with water. Calculate the thrusts on the 
and on the sides of the tank. { 1 c. ft* of water weighs 625 Ibs. ) 

[ Am. 4,000 lb. wt ; 2,000 Mb, m. ] ( A. U. Sept., 1965 .) 

26. Describe the construction and action of (a) a Mgh vacaram 
pump and (b) McLeod gauge. ( A. U. Sept.* 1965 ) 

27. Write a short note on McLeod gauge- '( A* U. Sept.,1965) 

28. Explain the terms 'pressure*, 'thrust* and 'centre of pressure*. 
Find the position of the centre of pressure on a rectangular lamlam 
immersed in a liquid with one side in the surfece of the liquid. 

. : (A, II Much 1966) 

29. State and explain the conditions of stabilitf of loatfug 
bodies. Give the theory of the graduation of the common 
hydrometer. ( A. U, April 1966 ) 

SO. State and explain the conditions of equilibrium MM! 
stabilitf of a floating body. 

When a load of 40 tons is moved 25 ft, across the deck of a ship 
of 20,000 tons displacement, the ship fa found to tilt through an 
angle of 1*. Determine Its metacentrlc height. 

[ Am. 2-865 ft. 1 (A. U. Oct., 1966 ) 

31. Describe with a neat sketch, m puinp that is eapftMb *" 
producing pressures of the order of 10~ ft cm. Describe a 

gauge to measpre pressures of that order. ( A. U. Qct* f 1966 } 

' '4 ' ' i i 

32. Describe with a neat diagtam, the coosteictioii id 
principle of a high vacuum pump. 

Explain how the pleasure can be measuf ed by a MdLeod ga^^ 
F ( A. U. April 1967) 

33. Explain the terms ^fessure*, *thrust* and f cl*r*f 
pye?sure 9 . Find the position of the centre of pressure on a 
rectangular area immersed in a homogeneous liquid with one sid* 






tite of ' the liquid* Calculate the total thrust on one side 

a rectangular vertical dock-gate of 45 ft, width Immersed' lii ate 
to a depth trf SO ft, Given that 1 cubic foot of sea watei weigiis 
1,025 ounces. [ An$* 1-297 X 10* lb. wt. ] { A. U. Oct.; 1967 ) 

34* State the conditions of stability of a floating body. 
Describe IE detail the methods of graduating the 'Stem of a common 
bf&omefeer. . 

A comtnctsi hydrometer floats in water with 2 cm. of its stem 
above the' surface. When floating in a liquid of specific gravity 1-2 
It has "22 ein. of the stem above the surface* How "touch of the 
sfttfa will M exposed above the surface* if it is floated in a liquid of 
speiific gravity 1-1 ? [ A&. 12-9 O&. exposed, ] ( A. U. April 1968 ) 

3. Obliin an expression fof the diiSfcrence in height fcetween 
places ia trais of the barometric pressure at these, twd places. 
that if the altitude increases in Arithmetic progressMfi, 
piessnre decreases in geometric progression. 

the aMtscti .of the 'station where .the atmospheric 

70 ciBc of ai^ttit jr. ' "": ;: 

IJensity of mercuvjr . 13*6 gm* / c.c. 

fiensity of air at standard ptessure = 1-293 gm. / litre. : 

[ Am. 657-2 metres. ] ( A. U. April S68) 

SlS. Write a note on e Diffesion pump 9 , ' (A, U. Qct,^ 1967) 
37* Define, the tetms * Thrast* and *CeMre of 




Find the position of tie centre of pressure ' of a rectangular 
lamina just immersed in water . wrticaUy, . with . one of its : eiges. in the 
surface, ; .. . ..... ; v;, ..,;.. *-, .. , v ..,, . i .., . ..... . = . it . 



The water on oae sii of a tectamglilar flock-gate 11 feet wide is 
10 feet deep and 20 feet OB the other side* Find the resultant thrust 
of the water and its line of action. (A. U, Oct., 196ft) 

3S* Describe the construction and action of a notary by vac 
pump and explain how MeLeod gauge is used to measure low 

( A* U, Oct., 1968 ) 
39. Write a note on * Aneioid barometer. ( A, U. Oct., I96S ) 




INTRODUCTOKiT CALCULUS 

Calculus is one of th6 branches of 
been found very helpful in the study of Bhysics, 
two sections Differential Calculus and Integral Calculus* 

Constants and Variables 

Any quantity which retains the same value during a a* 
mathematical operations is called a constant and a quantity 

can take a set off sets of different values during such operations is 
called a variable. 

Constants are usually denoted by the irst tttteafft. of tht 
alphabet a, b, c,.*. while the variables by -thfe latet M of letter^ 
say n, z>, w, x 




Consider the* relations A = ^r 2 Mi: I = 2 ftn If r represents 
the radius of a circle, then A repreigniS tfee irea included by th* 
circle and I the littgth of its circumference while it retafci* the 
same value in both the dies. 

In these relations, the values of A and I depend upon the 
value given to f and if the radius of the circle is assume*! (b fee 
changing, bath A and /correspondingly vary. Than A anil art 
said to be variables dependent upon r, and r b called the independent 



Consider the formula T 2-jt A/ wheie T is the period 

v I 
of oscillatloB of a simple pendulum, / the length of the pendulum 

and g the acceleration due. to gravity at tile place at which the 
pendulum is oscillating. 

It can be easily seen that there exists no relation between 

the length of the pendulum (I) and the acceleration due to gravity 
igj'. and so both of th^se are independent variable*. Thm T b 
lie variable dependent upon both t and g. Also at a particula? 
place g Is a constant and hence T depends upon I only. 



The Independent variable Is generally represented by A? and 

the dependent variable bf > 

Fnaetloas 

Consider again the relation A = nr*. A Is called a function 
of. f with ic remaining constant. In general, If a quantity j 
changes with the values given to another quantity x, y is said to 'be 
m fanethm of # The quantity j> need not necessarily depend 
upon a single variable. It may depend upon two or mote 
variables as IB the case of the volume of a cylinder which is given 

by <fcr*& I* * s c ^ eaf *^ at * a tk* 8 case * e VO * UIBC depends on r 

and also on A. 

The function of any variable quantity x is denoted by a single 
letter 7. Symbols like / (*), F (*;, f (#; .... are also used. It 
should be noted that / (*), F (*)..^ do not mean that they are equal 
to the products of / and (x) or F and (*) respectively but stand as a 

whole for the function. 

Some functions are explicit as In the expressions such as 

y = 5^2 + 6x + 7. y = (2* + 3)?... 
But some others are not explicit as in the case 

ax* + bxy + cy* 16 

and a function of this type is known as mn implicit function. 

Single mnI multi-valued function 

1 -,- .. ' ii . 

If fof each value of #, there exists one and only one value for j*, 
ijien j is called a single wined fmnction and if for each value of JT, 
thete ^sist more than one value for j, then j? Is called a multi-valued 

limction. 

vn and Odd functions 

If/ 1 (..-*.#.)..., * /.(*) 'then - the fonctiott is called an even 

function of % and if / ( JT) / (4 then It Is said to be an 

function o/ x. 

function 



Consider the explicit relation j == / (*). This may also be called 
a direct function of x The relation suggesting A? in terms of y ia 
called the Indirect or invetse function and it Is denoted by 
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Thus if y sin x y then x sin"* 1 y and so' on. 

Increasing and decreasing function 

If a function / (*), increases (or decreases)' as x increases (or 
decreases), it is 'called increasing function and If It decreases (or 
increases) as x Increases (or decreases,) it is called a decreasing 
fraction. 
Continuity of a function 

If the curve representing a function is a continuous one between 
two points on it, then the function is said to be continuum In that 
rang or interval. Thus y = x 2 + 2# is continuous for all 

x + 3 

values of x. The function y = - is continuous for all values 

# """"" x 

of x* excepting x '= 2 at which the qurve breaks. The point at wiMi 
x = 2 is called the point of discontinuity of the Enaction. 
Graphical representation of a function. 

Consider a continuous function y -/(*) This enables us to 
determine the value of y fot any suggested of assumed value of x. 
Thus we get a series of pairs of numbers each of which may be 
taken as the x and y co-ordinates of af point res* 
pectively* Points are plotted on a graph paper 
choosing two perpendicular straight lines OX, 
OY as the axes of co-ordinates and the smooth 
free-hand curve drawn joining these points b ' y 

called the graph of the given function, f |g (|) 

Graphical representation of functions often 
proves very helpful In the study of thei? nature. 

Limits ^ 

Let a variable x assume a series of values as given betew : 

(1) 0*9, 0-99, 0-999, 0-9999 and 

(2) l-l, 1.01, 1-001, 1-0001 ....,. 

In both the cases, lie value of x gets nearer and neafet to 1 
and further the difference between x and 1 can be made as small as 
we please. Here x is said to approach I or tend to the ^^^ 
Similarly If A? tends to any constant a, then a Is said to be th* ft-* 1 * 
of x and is denoted by the symbol 

i i 13 * 1 

& Of ' I*$ 'X <sgt ^ ' "*' 

"" ^^ 1 ' 




l SNTipDTOTOllY CALCULUS 

Consider the sum of n of the series 

! x _L + .L+ J- + . ..+ !-.... 

2 2 2 2 s 2* 

The sum of the first n terra of the series, S n can -be shown to 
Ue equal to /2 - ^5; ) The ' sum S, approaches 2 as L 

tends to zero, I.e., as n tends to iafiinty. This m^y be expressed as 
tie limit of Sj, as n tends to infinity, is 2. It is often fepresented as 

Lt. Q __ O . 

B __^ s - 2 - 

Some fundamental theorems op Limits 

Lt. rK./(*)" = K. Lt. f(x), K being a constant. 



2. 
3 



"j 

j 

(*)'] = Lt. r/() ] Lt. r ^ (*) i 

\ *-l J *-o I f 

. Lt. r/c*) x ^ (*)i = Lt. r/w ix Lt. |>(*)1 

A-" >a [ J ** I J *-fl L J" 

Lt. r/wi 

. ^ * L__ J provided Lt . 

F 



is not equal to zero. 
5. Lt. *-<!_ _ n ^ fof a jj rational values of -y t 



Sin ax 




when x is 

measured 

in 

tf tadlans. 



DIFFERENTIATION 



f (x) which is a single valued, continuous function 
% a cfsftau Interval (range of values) of x. 

Let x be given an arbitf ary increment %x and fjie corresponding 
change In y be 5 > It an be ffen that as $$ * > 0, 



INTRODUCTORY CALG&&&8 



Then jrH- Sf --/(* + 

/(* + *) -/(*) 



.'. 



Then the of as ftx *Q' Is the 

coefficient or tic of j with to * and Is 

or 



It should be carefully noted that 4~ is only * 

dx 



Lt. 

" ' ' '%'" 

which should not be to be ^ - r- la which 

' ' 



ease "It assups the 



Some special 

; fa' d : ' "" 

1. If y as k ( a constant ) -y = (t) = Q (f bdng any 

there will be BO in j? it does not after ,lvbalem 

yalue x ). 



2. If y '= tfx, then ^- a 



Let j> become y + Jrj? when * changes to ^r + 
Then ^ + 8j = a (% +/8if) v - "" , 

' 



Of I f a* s2 i^ f 

<* 



_ _ Lt 





3. If f * a? thea 

, 

. , , 

v - (A? 



Off 
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Since jp is a continuous function of x, as ftxm- *, o,- $j> also tends 

approaches Ac value 2x as d^^ > Q 

X 



dy 

4. If j> x* t tbn 4" - 



+ 

TT ^ !* 

Hence-^ - =- Q ^ . K> or 2- - 3*2 



5. If, -^-then* L 



Leljr + J^ as= 



x + 

1 1 



* + ** 

Of 



x(x 

I 



-h 



6. In general, if y ^ , it can "be Aown that 

A '' ' -"'' :, :''' '- ' ' : ' '" ' ' ' ' 

*. * for all rational values of , 

T~ -. <?. 



Derivative of a 

If J> = + S 



then -- . .*_ + 

<** dx dx 

2. Derivative of a difference 



3. Derivative of a product 

Let ^ = no, 

= ( s + 
= us + u 



or 



=^- /' 

>* *-^0 1 



Hence L=- /'l\.. I -. 



4. Derivative of a quotient 

ti .. 
Let y a= - * 



Thenj* 



+ 



J 



* 



and mjf ** 

nuu *> 

dx 

1 'i 

Ivative of a function of a function 

/() and u ** $ (#) then y b said to be a function 
of a function 

dy d% ^ du 

r * ,, i' T m4 




The following ate to be committed to inemoff : 

- 



* 



2 

' dx \ (ax+b) 



j r 1 

3. (sin*) cos*;- isin(4x + i) r a* flco 

* - " * * . * 

4. (cos*) sin*;.,. | cos (ax + 4) f '"' * :/ * .i 

S5C *Z j3f ^ ' 

* ' * %,*,.% v 

, a sin ( fl * + 4 ). 

.JB.3 , ""' I ' ^ 



5. -- ( tatf) scc x ; - tan ( a * 

a* . , a * 



i. -j- ( cosec *) == cc^ A? cot x. 



7'-' **' r t -, .' 1% ' . : 

< ' * r" SfflieT V a re *(/* 4* TT4k.<m 4* ' 

; I ^^ ^? *) SB gf*$J ^f loll 



g. ^ (cot 



dx 

2-303 



/i % 

(Iog 10 *) = 

tt*ji% " 



- 

11. ~? - ( Ai$ * ) sin 11 a * cos *. 

dx ' .--. ' ..... " '' . ........ ...' . 

12. _ ( cos" * ). n cos n *i * sin * and so on. 

wfynt Hf 

' * . 

Successive 



If jr is a fttnction of *, then Its derfvatlite also s In general 
will be a function of x. 

The derivative of - (I.e.,) ( -/) Is written as ^ and 

V 1 "'' , ;-, "*'; , _, ( , UX in * "A *** / ^ ** 

Is called the second differential coefficient of j> w. r. t. ** * 

fa the 1UW deferential coclent of^ w, t f t V. 



For Instance If j? = sin x 

- cos* 



i-- B *-**( + sf ) 

in general _/ - sin tx + y \ and so on. 

* / 

APPLICATIONS OF: BIIFERENTIATION 
Gradient of a erarvia at any point f x, y ) m It 

Let APB be the gtaph of> -/(*). If P be any point (# s 
on It, thai the derivative of jr with respect to # an bt &own equal 
to the slope or the giadlf at gf the cut ve at the pcdnt P. 

If slope OF the gradient of the curve at P' is- y A 
given by the tangent of the angle $ { = 185 ) 
which the tangent to the curve at P makes with 
the positive direction of X-axfs, then It can be 

shown that tan <j> * 




- j i .w 

ax 

MlumfyMffl and Mlitiiaasi ' u "^ 

^'JP'lf'f"""-"""""' imp mm T^ W|I^B . . , ^ 

To obtain the maximum or minimum values of j a function 
of *x* the following pFOccdure inaf be adopted : 

(m) Obtain ^. 

dx 



(b) Solve thf equation 

dx 



(c) Find out -* and Ini tl^ valut of -2 eorri^podim t 

wbwm " /l^C ^^ 

value of x obtaisaed in (b). Now thr^ cases ipaf 



If T^ is P sltive > the f^nclion h mMmum for that value of jr. 



2. If -7-5- Is negative, th ft^cttet is maripu ^ tb^t valut of *. 

' ' ' " ' " 
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' If Vf- * 0* fot that value of x ths tangent 



tfat enrrt just crosses it that point is 

5 ........ a puittt df iafiKiMu ( vktt Fig. ia ). 



tig. (iii) 

1 



the dfifivativi with t espect to x of A following : 
t* - 5# + 8 2. * s - 5#* S.. %* 
4. Sin 4 * cot Jif S. Cos 4x 6, Sim 

7. 




+'5 ' 

d s x ' ' 

If* = A cm ml + B din 11^ prove that -r- + *t s # 0. 

. ."" ' ':'. ., : . ' . 0** ' ; ; ^ 

1. An^clectrie ciiftcnt flowing through a dtculai coil of. radius 

earavte a foiee F oa a small magnet wheie F 'oc 

5 



* bdng tb v 'dislance.. of the magnei from the centfe of the coil. 

Hod the talue of x for which F is a maximum. 

INTEGRATION 
. 'If 

with respect to x and / (x) Is called the primitive of (#) 

tespect to x. This primitive may also be called the integral 



] -.^ W> lht ^ (*) is called the derirotive^of 



/ 
^ (x) di 
.' 



Thus If 



/(*) 



dx 

* '* 

d , % k 

^ 



(x), then ^ {*) dx =/(*). 



If < Is a constant, - I / (x 

** I 



J 







W k -/ W + * where Is a ' rafiable 
TWs constant is oftot called the coMtamt f mf egf atloaa. 
Indefinite integrals 

eatample, ~ 2*, what is f? 



been showa In differentiation that (#*} = 2*! 



.. x* is an Indefinite Integral of 2x with respect ' to 
tils Is only on of the possible" values of j. ' Since (# 4* 

' ' ' *"w ( JM| f 

also equals 2# if c is any constant. ; _ t . .^^ ? 

Thus if / (A?) is any of (#),. then / (x) + (* l^g a 

constant ) is also am integral of <f> (x) aad it is the general integral 

and e is called the constant of integration. 



a|mbol J 

..'.' */ 



Th integral of $ (#) with respect to x is denoted .by lie 

tegral^ (^) dxi Th& 

- ' 

symbol dx only indicates the variable with respect to which th 

function is integfatsed. 

dy d*y ' : " ' /i ' 1 ' 

Any equation which involves -~~ or ~-~ etc., is called a diffe- 

...** , - . * ) ^ 
r ential equation and the process of determining y is called solving 

01 integrating the equation. *" 

The folio wing : are some ^f the ^an^ard integrals 

/^fl+i 
& dx 7 + c except when L 

"+ 1 - : " ? . ..-- - ; - ..... ,. I < 

2. f #-*dx- f. 
3 J x 

3. 

2a 



tan- 1 h * 

a & 



\. f ~_J!_ . Sin- 1 + c. 
J ^/2 * a 



; *'{ 



6. - . . - log ( x + V* 2 fl) + 



t *>v 



sin x dx = .' cos x + *. 



''*"' '''\ 

J.' # I 

^ 



cos Jt r = sn 



8- | 

9. j > dx ** 4* + c. 
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QALGOIXIS 

Mhrite integral 

Since y f (#) & Is a function of *, any change In the 
f * mote in a oofresponding' diange In jT (*) <fo The amount 

of diang* .produced in the value of y* (*) & as # changes ft om 
(say) n to I 'fa thea equal to / (4), the value of /" $ (*) dx when 

* * * minus / (a), the value of y ^ {jf} rfir when jr * a. This is 



Indicated bf A qr mbo! f (*)<?**/(*)/ (). 



It is read as the integt a! of f {^} ftom a to S ^ and b being 

known as the lower and upper limits of Integration respectively, and 
(b a} is called the range of mt cgratbm. 

General theoreias of integration 

f /(*)** 

** ' : ; ' * 

If , , w are all functions of *, then 
F '(u*9- w)'d'k~ -i udx^ fvdx4= f wdx. 

^ p dv , * f d u . 

S I a * m ~~ \ v '-T- x * 
J is J dx 

This b the formula for tlie integration by parti. 

4- j /(*) d *** j /W ^. <fe where ^r b. expieascd af a 
function of ti. 



a detailed study f the subject the student is advised to 
refer to any treatise on calculus. 

APPLICATIONS OF INTEGRATION 
Cartesian 



Hit area * A 1 ineludtd by the curva j = f( x } 3 the # axis 
and tibt otdinates at x n and # * i Is glvmi by 



/ 



INTRODUCTORY 



(II) If IT and j are the co-oidlnates of th*"' centn 'of gmfc 

of this aiea they arc given by 



J #.yrf# \ 



a , 

and 



ff Jd* 

a 

(ill) If this area is f evolved about the x axis the volume of the 
solid of involution, _ - 

b 

V I <K / 2 <fe and the arta of the sut face of revolution 




(iv) If V is the length of the curve j> = / (#) between tlie 
points where AT * fl and x = b then 

b ' ,. *,' ' . ' ;. ', . ' : - 




(v) The co-ordinates of the centte of gravity df ^ ate* 
(lii) ate given by 




and j 



/"'V' I+ (H) V 



ii 



Gravitation 

55 law of Universal 
Gravitational . 

s , Potential 
*g f variation of 
Gauge s McLeod 
Gang 9 Bourdon's 
Gilders 

Graham's Law 
Gravity Balance 

Hboke 9 * Law 

Hydrometers 
Hydrostatics 
Hydraulic Jack 

,, Machine 

Press 

Pump 

Inertia, moment of 
Isochronous motion 



Kelvin's method 
Kepler : ' 

limit of Elasticity 
Umlt of Itofxtftionality 

Limits of f 
Long's method 
Lubrication 

Maskeylene . 

McLeod Gauge 

Mean Free-path 

Metacentre 
Modulus of Elasticity 

Rigidity 
: Young's 

Moon and the falling body 



114 
117 
118 
119 
138 
318 
319 
105 
188 
141 

68 
292 
270 
292 
289 
289 
291 

25 

44 

230 

172 
115 

66 

66 

75 

172 

263 

127 
318 
156 
296 

68 
69 

68 
117 



Natterer 

Neumann's Triangle 
Neutral axis 

Surface 
Newton 
Nicholson's Hydrometer 



210 

90 

90 

114 

295 



Oscillations of a loaded 

bar 97, 102 

Osmosis 173 

Osmotic Pressure 174 

39 , Laws of 178 

Ostwald 258 



27 
239 
49 
54 
46 
67 



Parallel axes Theorem 
Pascal's Law 
Pendulum, Compound 
Rater's 
Simple 
Pet mament Set 
Petprndkular axes Theorem 28 
Poissoa's Ratio 69 

PoiseulUe's method 2il 

Poynting 
Pressure of a gas 

curvature and surface 

tension 

Pumps, Centrifugal 
Diffusion 
Water 
Hydraulic 

Sprengel'f 
Toepler's 



99 
99 



99 



99 



136 
150 

212 
307 
315 
305 
291 
SII 
312 



Qulncke's drop method 225 



Radius of gyration 
Regnault 
Relations between 



Rotation 

Root mean square velocity 



25 
197 

72 

21 

153 



S.H. M. 

w Conditions of 

Period of 

Phase 

Seprle's app. for j?, n, & 
Shear 

Specific gravity 
Spherometer 
Spreading of liquid 
Stokes 
Strain 
Stress 

Static Torsion Apparatus 
Surface energy 
Surface Tension 

Tension & Vapour 
pressure 



99 



40 

42 

41 

46 

103 

65 

276 

7 

209 

260 

64 

65 

84 

207 

204 

234 



Temperature & Surface 

Tension 232 

and Viscosity 257 

Thrust 270 

on curved surfaces 284 

Thrust & Pressure 270 

Resultant 

Horizontal 284 



2S4 
81 



Thrust Resultant Vortical 
Torsion 

Torsion Balance 

Pendulum 
TransmissibiEty of fluid 

pressure 

Transpiration 



Uniform Bending 

Static method 96, 101 

Dynamic method 103 

Units - System* of 2 



Van der Waals 9 Equation 
Vapour pressure of a station 179 
Vena Contracts 255 

Viscosity 247 

Coefficient of 247 



Wilson's cloud chamfaet 
Work done in Strain 

in Rotation 
in S. HL M. 



99 



238 
76 
22 



99 



Yield Point 



67 



R At A 



Peg* 


aw For Rtad as 


22 


15 angular acceleration angular acceleration 




* 


25 


19 Acceleration a Acceleration ' a ' 


57 


2 I* f '._-_'*) TfC/jj- J 3 ) 


71 


rf^ j^v "8'"% if **T< .*** W^ *** 
Mf 1 fr** ..ujmfiT ' i-J JU 






"^2 - V 2 


75 


15 3Jfe.( ..- 2<r) 3* ( I - 2<r) 


85 


7 load of 100 gm. load of gm. 


89 


I A 4- 1 I T 4- I T 

*f * , I ! . X O 1^ *.. _ i , , Ji "'.. 


* =a j, "f* -_- '"' i ~j~ _ 


98 


17 T2 W i/ m T-2 A/ **' 




V3YI/ '. W VsYI// 


129 


12 -fe- l- 


136 


v ^t AVJLf/w ^ _. -,-. nyUW, 

H JK j^ Jj ffl Jf JT ^^ Jr HfJfc mm-Sf m M at ^%. 




u.* |S v 


153 


I 1 . 




j P f -y P 2 
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